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ABSTRACT 


The roles of twilight portions of photoperiods, dawn and dusk, in 
the entrainment of the locomotory activity of the cyprinid Couestus 
plumbeus (lake chub) were examined. 

When C. plumbeus were kept under photoperiods with duplicated 
naturel twilights, the phasing of the beginning of their activity, 
relative to sunrise, displayed a bimodal annual pattern that was corre- 
lated with seasonal changes in twilight duration and spectral charac- 
teristics. The end of maximal activity, relative to sunset, had a 
unimodal pattern that was consistent with seasonal changes in daylength 
and total light energy in twilight. No annual patterns in the phasing 
of activity were evident in fish entrained by seasonally appropriate 
photoperiods that excluded twilights. 

The locomotory activity of C. plumbeus consisted of a number of 
diverse behavioural components. The locomotory behaviours were not 
equivalent to the circadian activity parameters of birds and mammals 
normally investigated in the laboratory. The overall activity of C. 
plumbeus was distributed in sub-components or 'bouts' of 6 minutes to 
3.5 hours total duration. These bouts fit a non-random Gamma (y) 
frequency-duration distribution. Under simulated and natural photo- 
periods there were significant seasonal. changes in mean activity bout 
length, 1.4 and 1.7 hrs for winter and summer, respectively, as well as 
distribution characteristics. There were no significant seasonal 
changes under photoperiods without twilights. 

A free-running circadian rhythm of locomotory activity of C. 


plumbeus was evident under constant conditions. Fish that were entrained 
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under photoperiods with twilights had significant seasonal changes in 
period length (tau), 28.0 and 24.5 hours for winter and summer, 
respectively. Fish that were entrained under photoperiods without 
twilights did not display any significant seasonal differences in the 
length of the free-running eid. Changes in tau were interpreted as 
being after-effects of the more stringent and precise entrainment of 
activity under photoperiods with twilights. 

The roles of the various spectral components of twilight in the 
entrainment of the activity of C. plumbeus were examined. Determinations 
of action spectra for entrainment and behavioural induction were carried 
out. Rates of energy change of specific spectral regions of twilight, 
as well as spectral intensity ratios, were used as cues to phase the 
beginning of activity. Concurrent ablation studies indicated that 
entrainment was mediated by the lateral eyes, the pineal, and other 
extra-ocular photoreceptors. 

Seasonal and daily changes in twilight components of natural 
photoperiods functioned as exact cues to phase and entrain the activity 
of C. plumbeus. These entrained behavioural components served as an 
‘activity template' that could be modified by other stochastic vari- 


ations in the aquatic environment. 
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PL igh A) Beginning and end of maximal activity for 
each C. plumbeus examined under photoperiods 
with twilights (LD+t) (see Table 2). 87 


B) Beginning and end of maximal activity for 
each C. plunbeus examined under photoperiods 
without twilights (LD) (See Table 3). 87 


Pipe A) Differences between the beginning of activity 
and sunrise (below) and end of activity and 
sunset (above) for single Couestus plumbeus 
from photoperiods with twilights (LD+tt). 89 


B) Differences between the beginning of activity 
and sunrise (below) and end of activity and 
sunset (above) for single Couestus plumbeus 
from photoperiods without twilights (LD). 89 


24. Relationships between the timing of the beginning 
Of ACen ty. Cee and various photoperiodic 
parameters for single Couestus plumbeus entrained 


under photoperiods with twilight (LD+t). 92 


Z2o% Relationships between the timing of the end of 
activity (¥ ) and various photoperiodic 


offset : F 
parameters for single Couestus plumbeus entrained f 
under photoperiods with twilight (LD+t). 95 
26. A) Nonsignificant relationship between the timing 


of activity onset (¥ nad and photoperiod 
for C. plumbeus from photoperiods without 


twilieht, (LD) (pp 270.05): 98 


B) Nonsignificant relationship between the timing 
of activity onsets (¥ ~) for C. plumbeus 
from LD and LD photeperiods: (p> 0205). 98 


Pee Aieod oni cicantmconurelationy (7.=.0.S6.p«<.,0.01) 
between activity offset (Yo cecet? OER. 


plumbeus and total light energy at that time 
for LD+t. 100 


B) Nonsignificant correlation (p > 0.20) between 


activity onset (¥ ee) of C. plumbeus and 
total light enersy at that time for LD+t, 100 
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28. A) Locomotory activity of single Couestus plumbeus 
after removal of dawn. 106 


B) Locomotory activity of single Couwestus plumbeus 


after removal of dusk. 107 
Zo", Apparatus used to determine entrainment and action 
spectra. 110 
20; iransmission spectra,or filters used in entrainment 
and action spectra determinations. 112 
lo An example.of the, inductive or activity altering 


errect’ or ars0 sec ulient: pulse, I, ony the: locomotory 
behaviour of a single Couestus plumbeus held under 


DD. 105 
De. A) Alteration of induction of activity in single 
Couestus plumbeus plotted as a function of the 
rate of change of initial spectral energy. Mey 


BE) Alterations or induction, of activity am, sangle 
C. plumbeus as a function of the initial spectral 


enersy and ats subsequent’ rate of chance’. J19 
ie Example of monthly free-running locomotory activity 
records of single C. plumbeus under DD that had been 
previously kept under seasonal photoperiods. 135 
34. A) Seasonal changes in the tau values of C. 
plumbeus entrained under simulated natural 
LD+t photoperiods and then placed under DD. 146 


B) Seasonal changes in tau values of C. plumbeus 
entrained under seasonal LD photoperiods and 
then placed under DD. 146 


ey Relationships between tau (T) values of Couestus 


plumbeus and various parameters of previous 
entrainment history (LD or LD+t). 148 
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Chapter I 
INTRODUCTION 


All organisms show cyclic or rhythmic variations in their 
‘behavioural and physiological functions. It is now generally accepted 
that daily rhythms have an endogenous component that acts as some form 
of oscillatory system (Biinning 1973; however, see Brown i976 for an 
alternative explanation). The’ most substantial evidence for such an 
endogenous system is the demonstration of a free-running rhythm under 
constant conditions which has a period close to, but not exactly, 24 
hours. The approximate 24 hour rhythm is termed circadian and the 
free-running period (FRP) is designated by tau (7). 

Circadian processes are synchronized with each other and with the 
environment on both daily and seasonal bases. Periodic environmental 
changes that are able to synchronize or entrain different biological 
cycles are known as Zeitgebers, cues, or entraining agents. For 
circadian rhythms the major entraining agent is the daily cycle of 
illumination or photoperiod. Circadian entrainment involves both 
phase and frequency control. The circadian period is transformed to 
the period length of the exogenous cycle, T, in a definite phase 
relationship (¥). Photoperiod is the only environmental periodicity 
that is known to entrain all circadian rhythms. Rhythms of poikilo- 
therms can also be cued by other environmental factors, the most 
prominent of these being temperature and acoustic cycles (Btinning 


1973)". 


7 


J at 4 7 
742 how . ‘udt 2RawSeroe same ay 1S orp. ia s ie | 


ah - 5 vy 
or ea vA. ij 7h, ri Dow he ea Loa lag (ea te STA ot ice Pre 


a ' | 
@ == ae4—lCU WE Se , yy ny 


, Mi | ee 
war SE ig Sette a my. i. aie 


JE Ae eR | 
, 
2 ; *: eae . «) er 
= - , all : 7 
VO) EOL TE : ; m. 
4s 7 Vibe f : Joly BA Pe 


a ‘ ’ j I 
i J y oe 
“hunt A ie p ah SENN ie ae ey Fas cee i 
; - 
4 


f 


ty tot O00) ph 76 ovat ENOL Selig}: wane wen ney 
n ; ‘Se Mee 6g Pat 5 ia FeO , (jiverainsel iny # 


UJ 
ae 


yagtingt; iis ni to) Ror sas digo: UR. of ene agit . 
A> Ul dea dau “Vl oF &: beeen} ‘ail ASey ate Pyllbnto Ss 
‘uk rey ony ‘or I t b OTR iy rts ra. fazer nage ait ig 

J P ‘ea eT 7 ’ brs a) a ae: \. hAPeael ny bi 

| 
, a a 
lesrewiayene {ibe taet  janced Thais aie ek le ae 
Jats Leger baphel, RAAT Ly ene re MG atts ooh We (72, ED oy eye 
ation Chiviemhcae “eee teste ibe ae “gait ahi 


To 19%) Gleb sda >) sees patokbaths “to; emuhh ee tt 


2 ® 
(fil =o Lovin sean hr fe ihauet. ~ ihor rSqunaily =, Ino ate 
od Bare leiuys Pi. ho 944 a iewrio ant wh Ot Simi ¥ nur 
4 nr ‘ : 1. 2 
rang, TEARS YS ees) (Ya) 3 - PunoseGks vane Lo! Gi : ‘ 


a2 a) u 
. ‘ ; ; ; A 
Vaso the eg tee tasa” Qiie ety st olitdo*y i) . (Pp leieianl 
: eo 
| . . . oe 
“gL bAgoy jo emywit STEAD, ty woely Lis, piers oc nnd wi aa 
2a ty, (Mrugoet. TnPi sitesi vas ~GAIo wl hate if, eva lie @ 


geal) ge ise oizedo yi osutesbemes gu isd ones Voroweee 


; ~~ 
7 ar i 
sb 
\=, 7 
A : 
ae | 


The daily cycle of illumination or photoperiod is composed of 
daylight and twilight components along with night periods. The majority 
of laboratory. and field studies of photoperiodically entrained activity, 
which have been primarily carried out with birds and mammals (see review 
‘by Daan and Aschoff 1975) have either ignored twilights or only given 
them cursory attention. Yet there is evidence that twilight is of 
crucial importance in controlling circadian events. Kavanau and 
co-workers (Kavanau 1962, 1967, 1968, 1969, 1971; Kavanau and Peters 
1974, 1976a,b; Kavanau and Ramos 1975) observed that many mammals are 
either most active at particular twilight intensities, or use dawn and 
dusk as cues for setting daily activity. Similar evidence has been 
obtained for a role of twilight in the activity patterns and community 
Ghangeovers in coral yeef fishes (Hobson 1973); 

More theoretical analyses of the roles of twilight in the timing 
of the activity of birds and mammals were carried out by Wever (1967), 
Aschoff (1969), and Daan and Aschoff (1975). Their studies showed 
that twilights were Raven in the entrainment process. 

Results and conclusions from all these studies are limited by 
incomplete characterizations of twilight. Seasonal changes in twilight 
properties other than duration were not considered. Laboratory 
duplications often were only approximate and poorly defined. Analyses 
of the roles of twilight in photoperiodic entrainment have been 
completely neglected with fish. 

The present study was undertaken 1) to determine the general roles 
of twilight in the entrainment of the locomotory activity of the lake 


chub, Couestus plumbeus, and 2) to examine the role(s) of different 
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twilight components in determining the daily periodicity and entrainment 
of the activity of C. plumbeus. Undertaking these objectives also 
entailed: 1) the examination in detail of the daily periodicity. and 
entrainment of the locomotor activity of Couwestus plumbeus, and 2) the 
observation of seasonal changes in the entrainment and activity of the 


Jake chub. 
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Chapter II 
MATERIALS AND METHODS 


A. Experimental Animals and Study Area 

Couestus plumbeus (Agassiz), the species of cyprinid used in this 
Study has been described, by Scott!.and Crossman (1973). its range 
extends from the northern United States through most of Canada. Typical 
habitats where it is found are streams, lakes and rivers. Various 
aspects of the general and reproductive biology are described by Ashan 
Gis6Ga. bi). rownect at. (LO70)). Scott and Crossman (1973). 

The experimental fish were obtained by bi-weekly seining from the 
North Saskatchewan river and the confluence of Whitemud Creek at 
Edmonton, Alberta (55.54'N: 173.29'W) as well as. at a site 0.25) km 
Lunt ne medownstream.. [hese satesiare described ain Appendix Ts In 
winter all collecting was limited to the latter downstream site as it 
Wass the only poreionsof the river that was not frozen over, A 15.M bag 
seine (5.0 M bag and 1.0_cm mesh) was used for collecting the fish. 
Immediately after being caught fish were transported to the University 
of Alberta and transferred to holding tanks set at predetermined 
light-dark cycles and water temperatures. The temperature values were 
based on seasonally appropriate field values listed in Appendix I. 

The fish were fed daily at a random time with a commercially prepared 
diet (Purina ‘trout Chow, Ralston Purina, St. Lours, Missouri): The 

entire collecting and transport operation usually took less than one 
hour. Collecting was done at various times of the day and evening to 


reduce sampling biases for either diurnally or nocturnally active 


e 


7 uh ¥ 
aN ay : f 
<2 0el 
c { 4“ moet 
y * ‘ ont = : ‘ e 2 . os vi Oh 
; ~_) ae | #) fp Mw 
os 4 Ps ¥ . ° ee 9 iey 
- bs. - - ‘= 
; é : 
i) 
os ie v 
: : ’ : ' 
alia. autlesi4 @ en. areas 
Se ; ins 
a 7 
’ | a er ee 
: ' | "i e 
. ; comets Vo ew, (ae 
: ay ie tus a ATe 
5 ot : Wht 
j olga 
| .% . 
‘gh. et ea 
: ‘ ce iat : 
) ae Ve 
ab) bi ak toa eae 
- Leo ait Gr | 
+ pire a 
' ? ty 
‘ , oD 71 , aie @) le gake 
fr ' 
| eae 
= - j 1 
| a . , Te | gut’ 
eA 
. eae Me peus 


5’ ) Pa ae | 


46 


bagiecnd ; ee 
> j ; Ihe 4 ay wrae Agee wT 

e - oh 
nae : ~_y ; i “oy | Py arog), a9 


eee : ; ° | 

ea 7 7 ~~ - =| 
at Milntive ta6 ’ Piedad a 
_ 


—angv' ees Te! oe , «i fe south . ued 


7 


individuals and species of fish. The number(s) of lake chub relative 
to the total number of fishes and species caught fluctuated monthly. 
The exact proportions and numbers of fish caught are provided in 
Appendix I. 

C. plwnbeus were placed in transluscent, non-reflective opaque, 
plexiglass tanks (60 x 90 x 30 cm) under a twilight simulator described 
on page 31. The tanks were fitted with an adjustable water flow 
(0-50 ml min !) that could be set to any desired temperature (Appendix 
1). Normally water temperature was maintained close to that found in 
the river (+ 2°C). Experiments were done with and without gravel 
Substrates Present inthe tanks. Feeding tn the experimental situations 
was ‘carried out at random times to prevent inadvertent cueing of 
activity. Fish that were not immediately used for activity determina- 
tions were placed in either indoor holding tanks (90 x 90 x 60 cm) set 
to natural photoperiod lengths (LD, on-off photoperiods) or were held 


outside in behavioural observation tanks (2.0 m diam; 20 cm depth). 


B. Characteristics of Photoperiods and Twilights 

Twilight, either sat, dawnyorudusk, tis vessentially:the interval 
separating daytime illumination from that of night. Photoperiod is a 
general term that describes the light fraction of the day; it may or 
may not include twilights. Sunlight, daylight, or daylength is 
specifically measured from sunrise to sunset. 

Irradiance is the measure of light energy that is used to describe 
photoperiods and twilights in this study. Irradiance is defined as the 


intensity of a light beam falling on a surface and is expressed in 
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terms of energy per unit area per incident wavelength (uw cm * nm'}), 
Irradiance was measured at 25 nm intervals (350 to 750 nm) with an ISCO 
spectroradiometer (Instrument Specialties Company, Lincoln, Nebraska) 
and a research spectroradiometer (International Optics, Cala tomin),. 
‘All energy values presented were measured by the author, unless 
specifically stated otherwise. 

Spectral irradiance, when measured with che Getecroresurtace 
normal to the zenith, provides a reliable estimate of the actual 
spectral/energy distributions of available light during twilight 
(McFarland and Munz 1975). For daylight comparable estimates are 
obtained only when the sun's altitude is fairly high. Therefore, only 
noon time (1200 hrs Mountain Standard Time (MST)) spectral energy values 
aLeapresented..  hadiance only describes the, ltent enercy trom a 
particular portion of the sky. Both energy measures can be presented 
as integrated energy fluxes over a defined spectral range, e.g. 
550-750 nm tor ‘visible Iaent.) Integrated total "vasible' irradiance 
is the value used in the plots of total energy that are presented in 
this study: 

Spectral energy can be described in terms of spectral composition 
(wavelength A or frequency V = ef) and quantal number (photons 
nea! leashes ou where h = Planck's constant 6,624 x 10 *’erg sec }; 


speed of light (2.96 x 10 !%m sec !). Photon number possesses a 


c 
direct linear relationship to frequency, but is inversely and non- 
proportionately related to wavelength. Spectral maxima are shifted to 
lower frequencies when expressed in quantal rather than energy units. 


Dartnall (1975) states that spectral radiation should be preferentially 
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described in photon and frequency units. He suggests that these provide 
a more reliable indication of the effective or functional character- 
istics of solar radiation. However, the relative merits of these units 
SLEleremains moot. eainithis study Licht characteristics are primarily 
described in terms of their wavelengths and spectral energies, these 
being the calibration units of the spectroradiometer. Occasional 
references and conversions to photon values are made. 

Underwater spectral energy readings were obtained by using the 
ISCO’ spectroradiometer with a light probe and cosine collector to 
collect diffusely distributed radiation. Continuous records of total 
surface radiation integrated from 200 nm to 0.3 m were also obtained 
with an Eppley pyranometer. These records were used as a check on the 
sensitivity of the other detectors and were not used for any analyses. 

Representative examples of-the 'visible” spectral energy distribu- 
tions of daylight on clear and overcast days are provided in Figure l. 
Overcast days are defined as having complete, unbroken, cloud cover. 
The spectral energy distribution has a maximum at approximately 550 nm. 
Cloud cover causes a relative enhancement in the red (600 nm) portion 
of the spectrum and a relative reduction in the blue (400-500 nm). 
However, the relative maximum at 550 nm is not completely eliminated. 
The midday spectral composition remains relatively constant throughout 
the year. The total 'visible' incident energy and photon numbers, 
which are functions of the altitude of the sun, display significant 
seasonal fluctuations (Fig. 2). 

The spectral energy distribution present in the night sky is 


primarily dependent on moonlight (Rozenberg 1966). At Edmonton, total 


s 


a seh 


Ges OG 


’ 
ay 
O } 
i ie 
bale 


4 


cil 


edu 


%) is Te 1 : 7 wey) as 
ial La i 
dig he tn Bee AR ion Sy" aa 
—- : i 
. % Li - 
j ( Larry vier? va! _ 


- 


i 
, 


ad 


ey Oe i 


f h 

i ii 
as 

i My ip 


~ ; ; >) 
7) \ an 
/ 7) 7) (SR ii) 
ee 7 
Le Mie 
ort! 39 
" it 
: ey 
, i | 7 eThaia ? vat 
| 
4 
prurdd ay VY 
Fi oJ 
| 
Pad Pew | 
‘,, 


at 
a 

= 2 

= 
7 


pitts 5, Wapiti inl Habaiggal 


Pete 


cig hei tated, 


" ; " Ry vy 
| ek Mi OO MN HR 
; , Pe a P # Ni re " ie rt . nat tA ’ ee ea oo 
DprA ee prety Raitt acy, WA vite! Angin, ite eg a 
ae ) i hi 
Ve a Py esta ; (oh oH : . ce 


Ly : ' ci hn sme gi a peyen eaig a ae 
ers Asan ee) “hitis | OD 
a) } Newel pthilevanon ad rind | 


f 
ea 
‘i 
s f 
- Al 
“ 
bs 
oy 
n 
i 
fl 
‘ 
ioe 
a 
i ea 
; 
in 
7 
. 
“) 
7 i 
t 
Gi 
; 
can : Ry 7 


oe eae 


Examples of spectral energy distributions (uw cm? nm’) 


at.noon ()200shrs MST). Clearidays (. 


)3 overcast 
days (--~-- )ie- Apri 2a and Aprile] sO. Tespec taviei:. 


Since similar spectral distributions are present throughout 


the year weniy oneris presented 4s ian al lustvacive exampue. 
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Annual changes in total spectral energy (350-750 nm; 
in wwom 7) at noon (1200 hrs MST). Each point 
represents the mean of 3-7 days. Data are provided 


for clear (— ) and overcast (----- Jedays: 
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incident energy varies from approximately 1 x 10 * to 1 x 10 7 uw em 2 
for moonless and full moon conditions, respectively. In the early part 
of the night (3-4 hrs after sunset) spectral energy values are maximal 
at 500-600 nm. This maximum gradually shifts to longer wavelengths, 
with red (600 nm+) from starlight becoming more predominant in the 
Pater portions Or the nicht. 

Twilight is produced by the movement of the sun below the horizon 
with an accompanying scattering of sunlight in the earth's atmosphere 
and attenuation of direct solar radiation. ‘Twilight 1s arbitrarily 
Pieced incor vil emaleveal and astronomical portions )(Fig..35) 
(Rozenberg 1966). These are defined in terms of the position of the 
e Ngoc lOvrcNennOri Zone e<o 56-12 etandy-18", respectively, stor the 
aforementioned divisions. At high latitudes, including Edmonton, 
during the summer (Jun-Aug) there is a continuum of astronomical to 
MauecvcalmewiiientS wrtnout sany true aaeht periods. “Civil twilight has 
a bimodal annual pattern, being shortest during spring and fall (Fig. 4). 

During dawn there is an alteration of spectral composition from 
nicht to that of full daylight, with the reverse processes occuring 
at dusk. These two processes are basically symmetrical and describing 
one is; sutficient to characterize the other’ (Rozenberg 1966). 

In dawn, during the astronomical to nautical twilight transition, 
there is initially a rise in energy in the 750 nm region followed by 
a relative decline in the 400-450 nm region (0.5 x 10 * to 3.5 x 10°; 
and 3.6 x 10 + to 8 x 10 3 ww cm * respectively). 

At civil twilight light at the 500-600 nm region shows a 


relative increase and light at 750 nm a relative decline in energy 


aoe © | 
; rh ; x 7 ; 
. a on 


ad 


_— : a ie, 7 
Sata ina petes T 


| oe 
rr ” yee ite de = 


wr’ we kel ; iY iy 


a 
14 } j 
: 
a 
i add Meee 
il 
4 nas a 
O54 ‘the —s 
: i 
5) i} ; i 
why ¢ p 
4 f | nf Pr " i, ; ¥ 
‘f iy 
) ’ ; ‘ 7 
gh4 
= ! = : 4 2 
t 
a read irae UF ate. ‘5 a 


Pe ay a 
ih). a at 
ons ; ie ae : a Lm peel fan ; , ere : 


eye i n ree 


a 
on? 


WT mee 


mi hovize: 


+125 
$30. 


wies} 


et imin 


fs 


‘altitude Gf the sun (6deqress ¢ 


+60. =. 
21a. 


“aa me ek 


a aver nS Litem as 


46; ‘glut iota ant 2 ” ln eb 


a 
Le 


pot biter « dar Pm 

Lo tetas bouriey arene tube Srrads to. 18 
a . Miyata Tas baonoreray to towso re marys te 
a Shnds bre’ (eke ) Unadaings ionicre 
| C0) daniel, pete a | 


“io 


% 


| «30~ -- am 


Fic 3. 


'Schematic' illustration of the arbitrary divisions of 


twilight after Rozenberg (1966). Sample light energy values 
(iw em * 550 nn ') from clear mornings and evenings on 
April 23<and Aprid 24, 1975, respectively, are plotted 
asia function of the altitude of the sun. The solid) dine 
is an eye fit of the individual energy values. Dashed 
lines. indicate time of onset of astronomical twi lion 


(sun -18° from horizon), nautical (-12°), and civil twilight 


(-6°), and sunrise/sunset (0°). 
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Seasonal changes in daylength or daylight (...) and the 

lengths of civil and nautical twilights (---) at 53° 34' N 
latitude. Note the bimodal annual patterns in both twilights. 
WS = winter solstice; VE = vernal equinox; SS = summer 


solstice; AE = autumnal equinox. 
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(Fig. 5). However, the latter is still a prominent component of the 
spectral composition. With the coming of sunrise the spectrum blends 
into a full daylight spectrum. The reverse spectral procedures occur 
at dusk. In all cases there 1s a teduction ee yellow-orange 
(S50-650 nm) components of the spectrum and relative enhancement of 
the red and blue (400-500 nm) and to a lesser degree an enhancement of 
the blue-green portions of the spectrum. The decline in yellow-orange 
spectral components results from a specific absorption by ozone 
(Chappuis effect) present in the increased amount of atmosphere through 
which sunlight must pass before it Strikes (the surtace (or, tnesearth 
(Rozenberg 1966). This results in the relatively increased horizontal 
'redness’ and 'blueness' from diffuse skylight. 

wnese same eneral pattems of change occur throughout, the: year. 
ihe exact positions of twilight) components relative to Sunrase and 
sunset vary in a bimodal annual pattern that is consistent with the 
annual duration of twilight: and ats rate of change. Spring and) fall 
twilights fare antipodal in direction but essentially similar in, their 
shift in spectral energy distribution and change. The two equinox 
twilights, the shortest civil twilights of the year, can be considered 
as being equivalent in structure and form. 

There are daily and seasonal variations in the relative durations 
and rates of change of the various spectral components of twilight. 
Spectral, energy, and quantal characteristics do not change at uniform 
rates during twilight. For example, Figure 6 shows the lower the 
energy at 510 nm the greater the rate of change in energy. These 


relationships are only valid for the energy levels found in twilights. 
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Fig. 5. Spectral composition and energy values (uw cm * nm’ *) 
before and after sunset during civil twilight on a 
Clear#day.. Valuéseare=ror June 1o5) 19742 simidar 


changes (not illustrated) are also seen at dawn. 
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Fig. 6. Absolute rate of intensity change at 510 nm (uw cm?” sec *) 
plotted as a function of spectral energy values found 
during dawn and dusk. The solid line (——) is based on 
mean rates of change obtained during the course of the 
year (n = 42). The dashed lines (---) represent the 95% 


confidence limits of the best fit. 
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Spectral energy ratios also show seasonal and daily changes. For 
example, the FR/R (far-red/red; 730/600 nm) energy ratios shown in 
Figure 7 display significant seasonal patterns of change and occurrence 
relative to sunrise and sunset. 

The air-water interface establishes several important features of 
the underwater illumination (Smith 1969). Firstly, the 180° aerial 
horizon is reduced to-97.6°. This causes the sun to rise and set at 
an apparent zenith distance of 48.5°, instead of 90°. Secondly, 
incident light rapidly becomes less directional as it penetrates the 
Mater. (thirdly, the sun's dise is altered from a point source to a 
dispersion pattern whose angular composition varies with altitude. 
During most of the day the underwater light distribution pattern is 
directional, being dependent on the altitude of the sun and its zenith 
POsttvon. This directional distribution of Impht isireduced by the 
presence of clouds. At dawn and dusk there is no longer a distinct 
area of highest intensity at horizon, but rather a brighter area 
associated with the zenith. The uniformity of this pattern increases 
as twilight deepens until a homogenous light distribution is reached. 
This homogeneity is augmented by the presence of clouds. 

In the North Saskatchewan River there is a shift in the spectrum 
of light towards maximal transmission at shorter wavelengths 
(500-600 nm) and a reduction in the total and relative spectral energy 
With inereasing depth. “Extinction is mot the same for all spectral 
components. However, the overall spectral distribution does become 


more monochromatic than that of the incident surface light (Fig. 8). 
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Fig. 7. Far red/red (FR/R 730/600 mm) spectral intensity ratios 
at different times before and after sunrise and sunset. 
Civil twilight exists approximately during the 40-60 
minutes before and after sunrise and sunset (see Fig. 3). 


Bach point is based? on the average of S ratio values: 


24 


2 


G- 09- Of: "SS OF O09 | 


SS 3esuns pue "IC esuuns Jeqepue eiojeg Sonu Ul Quy 
09. oF YS Of O9- 


AON @ 
uno 
gez 8 


OS- 


wW/us 


oiey Ayisuslyy 


eat Se. 


a 
- 


eu Segen 


ICS 


Sy 


7 7 
4 
a 
é 


i h 
erm Sone. Tier bee 
a ' 


Oty i ae 


eo | Ve hy ‘ ‘ 4 * 
ry. ities - aie en ok 
Pine aie ae Bice ¢ “ pare am le 


i f bell PAS Oe eee ses es | 
~ a | ped | 5, nee Civil 
5 = nee lat ee whieh’ BOs inthese eh YeraiTe loupdena to oo Layee ae 


: age Woks wig ft Gees PC ivis gakxyh 
ale “a Baek | 
| Sie eee ae 2 aa ah 59 a oO 


ae a 


es THT 
1. 


pedene., had elt tg sedge tae aererante"s Cries ) 


ee (aoe ba scans aay sone sailian pueden, ajevi 


Sreasnyer. . 


oe ihe. “ea 

| oe Soe it gta meh Sh a Babig 
To iat kee fae Riera ah MALITICAL, 
? i > . | ara | 
om : " 
: a ee aes oh ste 
ict Ellin ae o enhined 4 i 
ube * fen perrr @ Ply. ae AWiciGr 


pm. gies Pa! 


aaa | taut 
e* enon 


Psi, 
Bt Ae ge ae ig enters 
400 S00 | 600) ~) 700 | 


“Mavelength(im) 


¢ Aes 


paliegh Mots 


Example of spectral energy distributions (Uw Cm aimee) 
found during civil (early 20 minutes, Jaté, 40 minutes 
to sunrise, respectively), nautical, astronomical 
twilights and full moonlight at the N. Saskatchewan 
River. ——— represents surface readings; ----- 


represents readings trom 10 cm below (the surface. 


Values are dawn August 7, 1975. 


Log spectral energy (uw cm7nm)) 
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During twilight the relative reduction in yellow-orange spectral 
components is not as pronounced as that for surface illumination. 
spectral intensity changes, their rates, durations, as wéll as overall 
spectral alterations follow the surface solar radiation ned eaea ee 
(see Fig. 8). Seasonal alterations in spectral ratios and rates of 
change in spectral energy are the same in clear shallow waters as the 
Values that are found at the surface. The similarity to the incident 
surface spectral alterations and composition permitted initial 
replications of the underwater spectral alterations in twilight to be 
based on the more precise and readily obtainable surface irradiance 
measurements. 

The properties “of underwater light can be modified by the follow- 
ine linmnologsircal factors (Wetzel 1975): 1) water depth, 2) turbidity 
and water colour, 3) bottom composition and reflectance (albedo), 

4) wave action, 5) flow rate and flow velocity, 6) water temperature, 
Mor Urimnary oroduct ion, and.o) LCe COVer, 

There is a reduction in spectral energy and transmission with 
depth. The maximal transmission spectrum shifts to green-light 
(Munz and McFarland 1975). The exact transmission spectrum is 
dependent upon the dissolved and/or particulate material present. 

The dissolved particulate material, particularly phytoplankton, 
absorbs blue and green wavelengths and can reduce the relative 
yellow-orange spectral minima seen in the surface twilight spectra. 
Diurnal and seasonal variations also exist in silting and can 


contribute to alterations of light transmission, though other 


stochastic environmental fluctuations can overrule the more regular 
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effects (Appendix I)’. .In this study the effects of water quality and 
particulate material were minimized by using clear water for all 
experimental duplications and taking light measurements from relatively 
turbid-free shoal regions of the river. Actual spectral intensities 
‘found in twilights can vary but the rates of energy change and ratio 
components remain relatively unaltered. 

At shallow depths both incident and reflected light (albedo) have 
to be considered in determining light levels. Use of the cosine 
collector incorporates components from both sources but still leaves 
Sonererror,. “At the collecting areas the river bottom was fairly 
uniform, maintaining a constant reflected light level. Thus all 
recorded light changes: could be directly related to surface illumina- 
tion alterations. 

Ice formation reduced spectral intensity and transmission of 
light. Reliable light measurements could not be made from the portions 
of the river that were frozen. During ice formation there was a shift 
towards transmission of longer wavelengths that was accentuated by 
the presence of surface snow. At the beginning of ice formation, 
intensity reductions were not significant since there was a simultane- 
ous freezing from the river bottom and consequent increase in reflected 
light. At spring break-up there is a very dramatic and rapid shift 
in illumination intensity that can be compared to the initiation of a 


prolonged pulse of light. 


C. Laboratory Light Duplications 


The lighting system used in this study duplicated natural twi- 


light conditions (see Fig. 9). The system was based on features 
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described by Kavanau (1962, 1966, 1968) and Wever (1967) in their 
'dawn-dusk machines'. Neither Kavanau or Wever were concerned with 
exact seasonal duplications of twilight. Only approximate replications 
of natural twilight durations and occasionally the rates of change of 
intensity were carried out by them. For ae new they reported ail 
light intensities in photometric units, ignoring spectral changes that 
occurred during dimming. However, with slight modifications to their 
Systems it was possible to produce exact replications of intensity 

and spectral changes occurring in twilights. 

The system used in this study consisted of the following major 
Components: 2 day-lite or vita-lite fluorescent lights (100 and 150 
Watt, soyivania Electric, Toronto); 2 incandescent lights (30 Watt 
Sylvania) (used only after "burning in' period); a dimming ballast and 
associated circuitry to control lamp intensity; and a logarithmetic- 
lanéar potentiometer-driven by a variable speed motor (Pig. 9): The 
lighting Byeten was placed over an enclosed plexiglass tank (60 x 90 
x 30 cm) and shielded from external disturbances. 

By judicious adjustments the rates of change in intensity and 
spectral composition could closely approximate the natural twilight 
conditions (see Fig. 9). Seasonal alterations in the rates of 
intensity change could be corrected by adjusting the log-linear ratios 
of the potentiometer-motor combination. 

As dimming occurs the spectral composition of the fluorescent lamps 
shift, closely approximating changes found during dawn and dusk. The 
addition of incandescent lights duplicates far red/red changes and to 


a lesser degree other portions of the spectrum. Placement of Kodax 
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Fig. 9. Diagram of apparatus used to duplicate twilights. 


Electronic components are listed in Appendix V. 
Pp Pp 
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Wratten filters (No. 7 Blue, No. 3 Green; Kodak, Toronto) in front of 
the lights provided an additional means of manipulating spectral output. 
However, all of the seasonally occurring combinations of surface 
spectral components could not be duplicated with equal reliability. 
Any discrepancies present were determined by continuous recording of 
light and line voltage outputs. 

Underwater spectral changes were a very close approximation of 
the natural situation. Some of the surface inconsistencies were 
eliminated by the underwater compression of the spectra. Shifts in the 
altitude of the sun could not be duplicated. However, the uniform 
illumination pattern, both at the surface and underwater, permitted the 
duplicated light to be considered as representative of overcast days 
thao. 1.0). | 

Photoperiods with twilights are represented by, and abbreviated 
to, LD+t. On-off laboratory photoperiods without twilights are 
represented by LD. The light-dark transitions are set either to 
sunrise-sunset or civil twilights. The same settings were maintained 
within a set of experiments. Light measurements taken from different 
portions of the experimental tanks indicated that illumination was 


evenly distributed under LD+t and LD lighting conditions. 


D. Methods of Activity Determination 
Locomotor activity of C. plwmbeus was determined by several 
different means: 1) direct visual observation, 2) photographic/film 
records, 3) ultrasonic, and 4) electropotential detection methods. 
Visual and photographic observations of the activity and 


behaviour of Couestus plwnbeus were made at both random and select 
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30-60 minute intervals. Observations were carried out with fish held 
in outdoor tanks under natural sky lighting as well as with individuals 
in laboratory tanks under LD+t and LD photoperiods. Filming of activity 
was confined primarily to observation of the structure of schools of 
fish and verification of the accuracy of the electronic methods. Since 
photographic techniques proved to be unreliable under low or changing 
light levels, they were not used for any extended observations. 

Ultrasonic methods of detecting activity have been used previously 
with fish (Cummings 1963, Meffert 1968, Byrne 1971). However, these 
earlier applications were restricted to either (1) detection of the 
POvewentnOretisi pasta fixed reference point, or (43) the recording 
Ofeunspecitied activity of large fishes.for limited periods of time. 
The methods used and described in this thesis permit the detection of 
movements of fish in all portions of the experimental tank. The 
ultrasonic systems all function on the same basic principle, that is, 
detection of alterations in a standing wave pattern of ultrasound 
(Cummings 1963). 

A piezoelectric, ultrasonic transducing element, 2 cm in diameter 
(Massa Model TR-t, Hingham, Mass.) was attached with silicone grease 
fo, each outsidé vend of the tank (Fie. 11) :. The associated circuit 
(Fig. 12) was mounted on rubber blocks to reduce vibration and was 
shielded by a Faraday cage to minimize electrical disturbances. The 
operating voltage, 6V at 250 ma, was drawn from a stabilized power 
supply. Positive and negative outputs from the circuit were connected 
to a chart or an event recorder. The negative lead was connected 


through a variable resistance (0-100 2) acting as a fine sensitivity 
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Fig. ll. Diagram cf apparatus used for activity determinations. 
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Circuit diagrams of electropotential and ultrasonic 
detection. systems. ° The electropotential circuit as 


adapted from Drummond and Davis (1974). 
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control, and a capacitor (400 uFd) functioning as an integrator. Some 
integration of responses was necessary when the transducer responded 
more rapidly than the recorder. The tanks, Faraday cage, power supply, 
and recorder were all connected to a common aida 

One piezoelectric transducer served as transmitter of ultrasound, 
at an operating frequency of 35 KHz, while the other element functioned 
as a receiver. The operating frequency of the transmitter could be 
adjusted from 15-50 KHz by the tuneable coil (Phillips potcore No. 237-A, 
Amsterdam). Low energy, high frequency, ultrasound has no reported 
or detectable effect on the activity or behaviour of fishes. The 
operating frequency of 35 KHz is well above the upper detection 
threshold of fishes of 3-5 KHz*(Tavaloga 1971). 

The transmitter set up a standing wave pattern of ultrasound in 
tne tanks “A portion of “this* pattern was *ceteceed by *therreceiving 
element and transformed into a recordable voltage output, at approxi- 
mately 100 mV. With a fish in the tank the wave pattern and voltage 
output were constant as long as the fish remained stationary. By 
decreasing the sensitivity through an increase in resistance, 
responsiveness of the apparatus to respiratory gill and postural move- 
ments could be eliminated and only gross overall activity would be 
recorded. With a reduction of detection sensitivity disturbances 
caused by diffuse water exchange and aeration in the tank did not 
introduce significant (less than 20 my) fluctuations on the chart 
records. 

Resistance was adjusted such that when a fish moved both the 


phase and frequency (by Doppler shift) of the standing wave pattern 


2a te » ee _ a ne wy oo woe Se 
ae CMA) sk COs, > oT 


, i Hel De = 4 _ 


i i) a - . 
7 ae PS 1, 
* : | | rf ; a) 4" eae oe 
| | ‘ ae z | 
| CR ee eestrer at ee chica (bj, oy, pi A te 


hy cuted shaub inet bite sate i aaa ~ 
ot tye tetas ekeo etn a caMee aif sna daay ant 
; fag ie font stl poe 

‘gundent? li, Youn te Sie ea keveee roraiahiia: UES 
byte Fn orig Dis "ros itis eee BW ott ae’ Teer 
plete teddinanets tons Tec Nee pay a iy 0 ot 
pNeC A ones sa aot ih) Teas eee ar Haat ae 
Te 

ree on-set buce Gly , cappeet jek eet, ne o 

Ceith) , Sega tu a byigied 29 qriyl sede hale 
hettoorel 4 dit: site vigss Lived dal és aa 


co Lay ts) Ramer isbawt), att pot, ane 


if tetas toy FO a iylay ys, ny Race ey B- i‘ “dae! 


Pond 

~ gyi Fagied Salle a6 be Yai ei wpdrindt abt pions 
oF tenes: 

5 tary fy Jape S907 DO aed becip ig, 3 etaeyl oti! ay 


oRet ley hark hd ay une gy athe a a itt Heed H ae 


BES 
PAY ; 


A 
az 
2 oA vi 7 


ioe ; 


wee fe 


eh thao lane piel Keke” aI RS mas SB amaven § ; 

, Saeed iaess ie bs isan He farirats coated lcaa ae yr 

oxen) Lerasé 7%, lta CFI S ey cars cepa ps ey! ia ae 09 . _ oi 
stingy yeivivas: : bets gre “Sera Ate pew ‘pend i vy ‘ 


| | Penne etsy bea hae nokiab sob i sigh . Sa 
| Sr bFh, deed Ae Ee "pos Janie bin” agp tian wating ponent abe 
\* : ve, et , 
‘Re reiyly nil ope hoa BS nile. S91) anit ° 


7 i 
* . t f a 7 ! - i " ‘ » 
. - i io ‘* 
_ 


‘mn ur a oo ae reine, Wee, a-acit mur ition Lei vas 


i _ wy 


values sie te any, * _ aap 


changed, altering the received pattern. These alterations were measured 
as a change in the voltage level by 20 to 100 mV and represented by a 
peak on the chart recording (Figs. 13 and 14). More detailed descrip- 
tions of the Doppler shift principle are provided by Metfert, (1965)% 
Calibrations, controls, and interpretations of the activity records 

will be discussed after operation of the electropotential method is 
considered, 

ERewelectropotential method of detecting activity also involved 
the recording of voltage changes caused by the locomotory motion of 
fish. These alterations were induced by the movement of a fish in the 
tank altering a naturally occurring electric potential (50 to 200 mV). 
inierexace detection and operatines techniques are described by Spoor et 
ee OLOuE)«, 

A stainless steel electrode, 10 cm in length, was placed at each 
end of the tank. These electrodes measured an equilibrium potential 
that was then recorded and transformed to approximately 100 mV. When a 
fish moved this potential was altered by 20 to 100 mV, and a peak was 
obtained on the chart recording. A balancing circuit and amplifier 
(Drummond and Dawson 1974, and see Fig. 12) were used to adjust the 
sensitivity and obtain unidirectional positive voltage shifts. A 
capacitor (400 uFd) acted as an integrator to compensate for recorder 
response time. The sensitivity of the circuit could be adjusted so 
that gill, respiratory, postural movements, along with aeration and 
flow of water into the tank were not detected. 

The electropotential method, which is technically simpler than 


the ultrasonic procedure, was used more extensively for the detection 
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Fig. 


15. 


Examples of locomotor activity of C. plumbeus obtained 
with ultrasonic techniques and recorded ata hich 
chart speed ((Ov025)cn sec >). Water temperature 12°C; 
12:12 LD; L 125 uw em * (350-750 nm). Similar results 
were obtained with the electropotential techniques 
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Examples of various locomotory behaviours of 
C. plumbeus recorded with the electropotential 
detection system (6°C;.9:15 LD). 

Examples of various locomotory behaviours of 
C. plumbeus recorded with the electropotential 
detection system (12°C; 15:9 LD). 

Examples of various locomotory behaviours of 
C. plumbeus with the ultrasonic detection 


System (6°67 121 25LP). 
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Examples of various locomotory behaviours of 
C. plumbeus recorded with the electropotential 
detection system (6°C; 9:15 LD). 

Examples of various locomotory Hewaitoiee of 
C. plumbeus recorded with the electropotential 
detection system (12°C; 15:9 LD). 

Examples of various locomotory behaviours of 
Ce plumbeus with the: ul trasonicedetection 


system (8G; 12512 Eby. 


(Cont a) 


47 


D Exploratory Activity 
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of activity. However, as will be shown, the voltage and chart 
results/records obtained by the two méthods were qualitatively and 
quantitatively the same. In the results presented no distinctions are 
made as to which method was used to record the activity of C. plwmbeus. 
The height and number of peaks recorded by both detection methods 
were approximately proportional to the degree and total amount of 
activity, (respectively, of the fishe {see Figs: 13and)14)'.orThese 
relationships were established by visual observation and/or filming 
of fish activity while recording their locomotory motion. The height 
of the peak was, within the limits of integration, proportional to 
the strength or extent of the swimming activity. Continuous activity 
greater than 30 seconds gave a continuous set of peaks, as the phase 
of the received ultrasound or the electrode potential was constantly 
changing) (Fig..14). gHighly concerted bursts: of motaon resultedwin a 
summation or integration of a number of rapid (less than 1 sec 
duration) consecutive voltage outputs into a single larger discharge 
value. After a single swimming motion or ‘burst of activity' there 
were several transient voltage peaks (less than 20 mV) the exact number 
depending on the sensitivity of the detector (see Fig. 13). These 
smaller peaks were discounted as sources of activity. However, these 
transient peaks and overall variations in voltage levels prohibited 
the use of event recorders such as the Esterline-Angus, that are used 
with studies of the locomotory activity of birds and mammals. Event 
recorders indicate either a maximal response or no response. They 
do not permit the determination of gradients or discontinuities in 
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Determinations of the sensitivity of the detector systems were 
achieved by (i) observing the motion of both the same and different fish 
and noting activity and corresponding chart records, and (ii) artifici- 
ally displacing water at different portions of the tank and noting chart 
responses. The results obtained by the two electronic methods were 
virtually equivalent (Table 1). The placement of electrodes inside 
the tank did not significantly affect or alter the laboratory behaviour 
of C. plumbeus. The magnitude of the peaks or voltage values, total 
number of peaks recorded for equivalent movements or disturbances, were 
not significantly different between the two methods (Mann-Whitney U 
fest p> 0.50). Sensitivity could be adjusted to obtain equivalent 
mesults with different water temperatures. 

Locomotory activity could be detected at all portions of the 
tanks, with maximal sensitivity being along the sides of the tanks 
and minimal sensitivity on the plane connecting the transducers or 
electrodes. These disparities in sensitivity were minimized by 
adjusting the relative positions of the two detectors. (However, this 
reduced information about the exact location of the fish.) The 
locations of the detectors were determined by trial-and-error procedures 
and had to be readjusted for significant changes in water character- 
Ustues.  Allcudeterminations of activity were.carried out with clear 
water. Under turbid conditions settling of particles and alterations 
in suspension characteristics introduced spurious and shifting results. 

The outputs of the detecting systems were recorded without any 
fish in the tank. A single base-line, displaying occasional dvirt. 


was obtained (see Fig. 14). There were small voltage disturbances 
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Table 1. Comparison of activity records, expressed as millivolts (mV) 
for different behaviours of ‘C. plumbeus as obtained by 
ultrasonic and e€lectropotential recording techniques. 


Behavioural Category and Voltage Level (mV) 
(Mean and Range) . 


Position Limited Exploratory 
adjustment movement behaviour 
Ultrasonic? 2922-56) 38 (35-45) 75 (50-100) 
Blectro-— 
potential? 20m (5-57) 41 (34-47) 79 (50-105) 


‘Mann-Whitney U test reveals no significant difference between 


values obtained by the two recording techniques (p = 0.40). 
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(1-5 mV), but these were below the amplitudes necessary for classifying 
them as activity. These voltage shifts were primarily the result of 
electrical disturbances and did not have any effect on the total 
activity determined. These control Ti Aistareniones were repeated at 
various times throughout the year. 

Activity was continuously recorded at relatively high chart speeds 
that ranged from 0.25 to 0.0025 cm sec !. For analysis, peak totals 
were summated over 1 to 30 minute intervals. The time interval used 
depended upon the factor(s) being investigated. This procedure reduced 
the unwieldiness of the records and permitted computer analyses of 
activity time series. Only*peaks that met the criteria previously 
described were used in the computation of activity totals. (To 
simplify graphical presentations, activity totals were transformed 
MncOe proportional; erelative, or arbitrary units 2) 

For equivalent behaviours and degrees of motion/activity, the 
activity totals obtained by the electropotential and ultrasonic tech- 
niques were the same (Figs. 13, 14 and Table 2; Mann-Whitney U test 
p > 0.5). Therefore no distinction has been made between ultrasonic- 
ally or electropotentially recorded activity in the subsequent 
analyses. 

The use of activity totals gives a partially distorted representa- 
tion of locomotory behaviour. The activity of C. plwmbeus occurred in 
bursts of several seconds to minutes duration (see Fig. 14) that were 
concerted into longer bouts. (A bout is defined as a period or portion 
of activity that has no inactive 'rest' periods greater than 5 minutes 


duration.) However, since graphical representations were based on 
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Table 2. Comparisons of activity totals (10 minute) for different 
behaviours of C. plumbeus as obtained by ultrasonic and 
electropotential recording techniques. 


er ee ee ee 


Behavioural Category 
(Mean and Range) 


Position Limited Exploratory | 


_adjustment movement i behaviour 
Ultrasonic!** 7 (4-18) Le 126) 28 (21-39) 
PLecUro- 
otential!?* 6 (4-16) 1A (10-173 26 (19-41) 
p 


a ee ee ee 


1 Values for each behaviour are based on a sample of 100 (10 dif- 
ferent intervals from 10 different individual C. plumbeus. 
2Mann-Whitney U test reveals no significant difference between 


activity totals obtained by the two recording techniques (p = 0.50). 
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activity totals, this discontinuous nature was not always readily 
apparent. The rapid (30 sec-3 min) discontinuities were determined 
by visual observation, while larger scale alterations were obtained 
from computer analyses. 

With practice from concurrent observations of activity and chart 
records, the behaviours recorded could be determined. However, all 
determinations of behavioural composition were obtained from visual and 
film observations. Comparisons with chart records were used solely as 


a check on the accuracy of the detecting system. 


E. General Experimental Procedures 

Locomotor activity and behaviour patterns of single C. plumbeus 
were observed and recorded over an annual cycle of photoperiod and 
twilight. Experiments ’were repeated for 1974, 1975, and 1976. Twelve 


fish were used for each of the annual analyses. Actual experimental 


procedures were conducted with a greater number of fish. These latter 


individuals were used, however, for additional experiments (Appendix II). 


Comparisons were made between the activity of freshly captured fish 
obtained at the sampling intervals and fish that had been kept under 
laboratory photoperiod conditions (LD, LD+t). The exact experimental 
procedures followed for each of the fish investigated are listed in 
Appendix II. 

Two tanks were placed under the twilight simulator (described on 
0) ee roi ihe One (Tank A) was used for longer term activity recording, 
while the other (Tank B) was used primarily for fish acclimation. Tank 
B could be partitioned by white plexiglass baffles into several 


compartments. After 48-72 hrs of acclimation individuals from Tank B 
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were placed into Tank A and activity was recorded for 4-5 days. 
Exchanges of fish were conducted at random times of the day throughout 
the year. These changeovers permitted analyses for age, sex, group 
size, and environmental differences. 

At approximately 1-2 week intervals new samples of fish were 
obtained. Individuals from these catches served as controls, and were 
placed under the simulated twilights and their activity was monitored. 
Additions of new animals or alterations of experimental conditions 
were not carried out at solstices and equinoxes. At select monthly 
intervals fish were removed from LD or LD+t and placed under constant 
Gonditionse(conustanttdark DD) orconstant light) LL) and»theirgactivity 
was continuously recorded. More specific procedures followed are 


discussed in the appropriate chapters. 
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Chapter III 
PRELIMINARY RESULTS 


According to accepted convention the following two criteria have 
to be fulfilled in order to demonstrate the presence of an endogenous 
circadian rhythm (Bunning 1973). Firstly, the rhythmicity must persist 
for at least 3-7 cycles under constant conditions and have a 
free-running period (FRP) designated Tau (T)of approximately, but not 
exactly, 24 hours. Secondly, a 24 hour environmental periodicity, 
Specifically photoperiod or light-dark (LD) cycle, has to be able to 
entrain, that is, control both the period and phase of the endogenous 
cycle: 

In preliminary analyses single C. plumbeus were removed from the 
holding tank and placed in the experimental tank (A) set at a seasonally 
appropriate water temperature (Appendix I) and under a 12:12 LD cycle 
(0.01:150 uw cm), Fish were held under these conditions for 5 days 
after which constant conditions, either constant dark (DD) or constant 
light (LL), were imposed for 7-10 days. Activity of the fish when 
under LD and DD or LL was continuously recorded by the electropotential 
or ultrasonic method. Locomotory behaviour was then plotted as 
activity totals over 15 minute intervals. These procedures were 
repeated with 8 different fish. 

A sample record of the locomotor activity of a S year female 
C. plumbeus held under LD and then DD is given in Figure ISA. Under 
the LD photoperiod a bimodal diel pattern of activity was evident. 


With the onset of DD the activity pattern lost synchrony with the 
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Fig. 15. A Locomotory activity record of a single Couestius 


plunbeus under LD (0.01; 150 uw cm *; 16°C) for 


cycles. Constant dark (DD) was then imposed for 


i) 


10 days and activity was continuously recorded. 
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Fig. 15. 8B Autocorrelation plot of the previous (DD) recordeatter 
normalizing, standardizing and detrending. 
C Power spectrum transformation of the autocorrelation 
DLOw. 
D Periodogram analysis of the locomotory record 
presented in A. The period value is 25.6 + 0.4 hrs. 
The horizontal lines in C and D represent the upper 


95% significance levels. 
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previous photoperiod and after approximately 6 cycles extinguished to 
an apparent mean level of non-stationary arrhythmic activity. 
Approximate 24 hour rhythmic patterns were evident in the activity 
plots from DD and LL conditions (the latter are not shown). Estimates 
of period values could be obtained by determining the times between 
consecutive maximal activity onsets. 
With serially correlated non-stationary data such as activity 
and behaviour records it is necessary to employ statistical techniques 
that do not rely on independent data samples (Enright 1965). Time 
series methods, specifically the periodogram (Enright 1965), and 
autocorrelation and power spectra techniques (Bendat and Piersol 1968; 
Dixon 1971), fit these requirements. The periodograms computed 
amplitude for every possible period value that was within the resolution 
limits of the sampling interval. A significant period indicated that 
a particuldr® frequency was ‘present in the\activity.series,. ,For example, 
in Figure 15D the periodogram indicates that the activity under DD had 
a free-running period of 25.6 +0.4 hrs. All of the fish held under 
DD or LL evinced free-running rhythms of locomotory activity for at 
least 4 cycles, the exact duration varying between individuals and 
constant conditions employed. Preliminary determinations indicated 
that activity under LL (not shown) extinguished more rapidly than that 
from DD. Therefore DD conditions were used in the majority of subse- 
quent period analyses. These results show that an endogenous rhythm 
with a period of approximately 24 hours is present in the activity of 
C. plumbeus. This meets the first criteria for demonstrating the 


existence of an endogenous rhythm of locomotor activity. 
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When arrhythmic C. plumbeus under DD or LL were exposed to 12:12 
LD cycles they displayed a diel activity pattern with a period of 
approximately 24 hrs (+ 0.10 hrs). This strongly suggested, but did 
not confirm, that photoperiods could synchronize the endogenous rhythm 
Cf activity . 

In order to conclusively show that photoperiods are entraining 
activity it is necessary to demonstrate that a phase-shift in the 
light-dark cycle is accompanied by a corresponding shift in the 
activity cycle (Bunning 1973). In these preliminary experiments the 
12:12 LD cycles (0.01:110 uw cm”) were phase shifted 90° (6 hrs) or 
180° (12 hrs), all relative to the initial LD cycle, and subsequent 
changes in activity recorded (Fig. 16). This procedure was repeated 
with 5 different fish, The representative result presented (see 
Fig. 16) indicates that activity shifted with photoperiods., 

Phase stability and relatively stable phase relationships were 
gradually obtained after 15-20 cycles, but approximate synchrony was 
evident after 3-5 cycles. The criteria used to determine entrainment 
were a relatively stable relationship between the beginning of 
activity and the onset of L in the photoperiod and the presence of a 
24 hour period in activity. In a study of the time course of 
entrainment Kramm (1975) showed that a continuous oscillation in 
entrained periods and phase values around steady-state values, in 
the form of a limit cycle, existed. According to these criteria it 
is evident that the LD cycle entrained the circadian rhythm of 


locomotor activity of C. plwmbeus. 
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Fig. 16. Locomotory activity of a single Couestus plumbeus under 
a 12:12 LD cycle (0.01:150 ww cm 7) that is phase-shifted 
R390" 
BLS. 
Activity is in arbitrary units based on half-hour 


activity totals. Time is in Mountain Standard Time. 


JINTAO IR RRL ATT TO Sr AUT ee se 
IIYS See CTS 
08h Ee ETN Te eR eS peer fom: 


[tenon ach tlincd aasitabeesRabicl Si sstciapack, } 


These preliminary experiments demonstrated (i) the existence of a 
diel rhythm of locomotor activity under LD cycles; (ii) the presence of 
an endogenous circadian rhythm of locomotor activity; and (iii) that 
the endogenous rhythm of locomotor activity could be entrained by LD 


cycles, or daily cycles of illumination. 
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Chapter IV 
GENERAL ACTIVITY AND ENTRAINMENT 


A. Behavioural Aspects 
(t) Introduetton 

Responses to exogenous environmental factors, including components 
of photoperiods, can vary according to the behavioural and physiological 
State of the animal. Without a knowledge of the behavioural composition 
of activity a limit is rapidly imposed on the amount of information that 
can be obtained by an examination of entrainment (Enright 1970, Menaker 
1976). Therefore, a preliminary description and analysis of the 


components of locomotory activity is necessary. 


(it) Methods and results 

Quantitative visual observations of a total of 146 single and 20 
groups of 8 C. plumbeus were carried out at select 30-60 minute intervals. 
Lake chub from the outdoor tanks and laboratory tanks held under LD+t 
were used. Observations were carried out throughout the year (1974, 
1975, 1976). Winter (Dec-Mar) observations could only be done effectively 
with individuals under artificial LD+t photoperiods. All observations 
were carried out with freshly captured individuals as well as with lake 
chub that had been in the laboratory for more extended periods of time. 
Since no significant differences were found between the results obtained 
from outdoor and LD+t conditions (Mann-Whitney U test p = 0.05), pooled 
PeoUitseare presented. 

Focal animal sampling techniques, that is, observation of rey! 


appetitive or consummatory behavioural components in a single animal, 
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were used to maximize the relative amount of data obtained from observa- 
tion periods of 30-60 min (Altmann 1974). Film records were used to 
supplement the visual observations of group behaviour. 

The frequency and duration of behaviours were recorded by a 
key-board and 8-channel event recorder (Esterline-Angus, New York) or 
by a tape recorder. Behaviour patterns were classified according to 
their apparent biological function(s). Six general behavioural 
Categories were recognized. These categories included: 1) position 
adjustment and holding ; 2) inter- and intra-specific agonistic inter- 
actions (chasing, nipping, etc.); 3) feeding and associated motions; 

4) schooling and transitions between schools, aggregates, and 
individuals; 5) reproductive and sexually associated behaviours, and 
6) exploratory motions. 

These behaviours were chosen because they met at least one of 
the following criteria: they were relatively easy to score; the same 
general types of behaviours were present in all fish; their proportions 
varied between different cme of the year; and the categories had 
proven useful in previous studies of fish behaviour (Baerends 1971). 

The relative contribution of these 6 behavioural divisions to 
total diel locomotory activity undergoes seasonal (monthly) fluctua- 
tions (Fig. 17). During the longer summer photoperiods (May-Aug, with 
10-16 hrs total light) a greater proportion of activity, 22% as 
compared to 10% (for feeding), is devoted to feeding and exploratory 
behaviour. Actual reproductively related behaviours have an extremely 
limited duration, reproduction being highly dependent on water tempera- 


ture and the presence of a proper physical substrate (see Brown et al. 
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Fig, 17. Seasonal distribution of the persacentGapchavioura. 
composition of the locomotory activity of Couesius 
plumbeus relative to total activity composed of 
A) position adjustment and limited motion; 

B) exploratory motion; C) feeding; D) group 
transitions (school - aggregate - individual); 


E} agonistic; F) reproductive-sexual behaviours. 
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1970 for descriptions of the reproductive biology of C. plumbeus). The 
total amount of time devoted to feeding was greater during increasing 
than decreasing photoperiods of equivalent length. Inter- and intra- 
Specific interactions varied directly with the mobility of the fish 
(exploratory behaviour) and proximity of reproductive periods. Position 
adjustments and very limited motions varied inversely with the duration 
of feeding and exploratory motion. 

Activity was composed of a number of short-term components or 
"bouts'. There were seasonal alterations in the length and composition 
Oi the activity bouts. These features of the activity of C. plwumnbeus 


are considered-in Appendix III. 


B. Photoperiodic Entrainment 
(t) Introduetton 

Entrainment of diel and circadian rhythms involves both phase 
and frequency contre! (Bunning 1973). The former is expressed in terms 
of phase angle (¥) differences. A phase angle is a relative term 
expressing, in either degrees or units of time, the distance between a 
particular point in a biological cycle and some arbitrary reference 
point in an environmental cycle. Reference points in photoperiods are 
generally the light-dark transitions or sunrise and sunset. When the 
biological cycle leads the environmental cycle the phase angle is 
defined as positive, whereas, when the biological cycle lags behind the 
environmental cycle, the phase angle is negative. These relationships 
can be defined for the beginning ee) and end Cee: Of JAC ELVLLY,. 


Exact definitions and examples of terminology use are illustrated in 


Figure 18. 
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of maximal activity of C. plumbeus. 

A represents the. light profile, and indicates the location 
of Sunrise (SR), Sunset (SS) tand3Cival) Twwliene (en) 
phase point in the daily photoperiod. 

B represents the activity profile, that is, total activity 
summated over S minute intervals. The differencesin 
minutes between the timing of (Beginning of Activity — 
pitiew a fas OS (End of Activity — Sunset) yields a eee 


and ‘Uae respectively. 
offset’ ESS y 


C represents portion of the chart record from which the 


activity profile was obtained. 
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Seasonal changes in the phasing of the beginning and the end of 
activity were first described from annual changes in bird activity. 
Aschoff (1960) proposed that daylength, light intensity, and light-dark 
ratio were the main determinants of seasonal phase relationships, while 
Wever (1967) suggested that the duration of twilight was the main 
determining factor. Both Aschoff's and Wever's suggestions have been 
incorporated into a joint daylight (length)/twilight-duration model of 
entrainment (Aschoff 1969). Some support for this model has come from 
analytic studies with artificial twilights (West and Pohl 1973) and 
analysis of the activity of birds and mammals in the field and in the 
laboratory under sky lighting (Daan and Aschoff 1975). 

The. majority of the aforementioned analytic studies with twilight 
have only considered duration, intensity, and superficially rates of 
change. Laboratory studies usually have only very rough approximations 
of twilight duration, often seasonally inappropriate, while field 
studies have been confounded by the effects of other environmental 
variables. 

Against this background one can proceed with the main experimental 
topics of this section. Firstly, to examine the seasonal course of the 
entrainment and phasing of activity of C. plumbeus under photoperiods 
with and without twilights. Secondly, to examine the general roles of 
twilight in the entrainment of the activity of C. plumbeus. 

In carrying out these objectives seasonally appropriate duplicated 


twilights were used, allowing an examination of the roles of different 


components of dawn and dusk in entrainment. 
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(tt) Methods 

In order to conclusively determine the effects of twilight, 
activity was observed through several annual cycles of LD and LD+t. 
The beginning and end of maximal activity (relative to sunrise and 
sunset) and behavioural composition were the primary locomotory 
variables observed. Fish used in phase studies were also utilized 
in free-running period determinations (Chapter V). In the study of 
circadian activity fish that were entrained under various photoperiods 
were subject to constant dark for 5-7 days while their locomotory 
activity was monitored. They were then returned to normal entraining 
photoperiods (LD or LD+t). This procedure was carried out 3-4 times 
a year. Subsequent analyses of the activity and phase relationships 
of fish were not performed until at least 1-2 months after 
re-entrainment. This procedure was followed in an attempt to ensure 
return to 'proper' synchrony and eliminate transient behaviours and 
phase relationships. 

A complete annual cycle of activity was not determined for any 
one fish because of the above manipulatory processes as well as 
limitations on the number of fish that could be monitored at any one 
time. Every fish used for phase analysis was examined for at least 
3-5 days of each month. Repeatability was tested by carrying out 
activity determinations over three annual photoperiod cycles (1974, 
1975 e076) sheequival entaresul tse were obtained for the three years. 

A listing of the sex, age, and catalogue number of specific fish used 


appears in Appendix II. A total of 179 fish were analysed. 
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(tit) Results 

Under seasonally appropriate LD+t and LD photoperiods all of the 
87 C. plumbeus, whose activity was recorded for periods of 3 days or 
more, displayed weakly bimodal patterns of diurnal activity (Fie. 19). 
Observations from outdoor tanks with natural food, substrate and 
illumination confirmed these laboratory findings. Earlier, preliminary 
experiments with 5 single lake chub had demonstrated that photoperiod 
was indeed an effective Zeitgeber of locomotor activity (see Figs. 15 
and ). Daily fluctuations in water temperature were ineffective 
as cues (Appendix IV). 

The diel locomotor activity patterns of single and groups of 
C. plumbeus, the latter not illustrated, did not have any distinct 
Simgets Or OrfSets Of AaCtivity; rather, there were changes in the 
relative amplitude of motion during dawn and dusk and at the L-D and 
Pai transitions, (Fag, 20). 

When data records and activity transitions are not wholly clear 
it is necessary to define specific thresholds or marker events for 
selecting a relative onset (beginning) and offset (end) of maximal 
activity. For the purposes of determining phase angles CY) othe 
occurrence of the greatest rate of activity change during a 24-hour 
period was used to define the onset of activity. This rate was 
considered to indicate the commencement of maximal activity. 

Since the locomotion of C. plumbeus was distributed in bout form 
throughout the day, the maximal level change was not always directly. 


evident. Therefore, it was necessary to use a consistent criterion 
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Representative activity of single C. plumbeus under 
photoperiods, A) with twilight (LD+t), and B) without 
twilight (LD). Both photoperiods have 12 hrs Iiene/ i? 
hrs dark (water temperature, 16°C). The L-D and D-L 
transitions in the LD records occur at sunrise and 
sunset, respectively. Light approximated full daylight 
spectra. (C) Enlargements of activity during dawn and 
dusk. D) Enlargements of activity at L-D and D-L 
transitions. Examples from 2 days are provided. 
Activity is in: arbitrary units based on 15 min =totals 
for A and B and one (1) min totals for C and\D. Time 
is in hours of Mountain Standard Time (MST). Data are 
for May 1975. 

——-—- represents activity of fish; ----- Tepresenus 
the course of daily photoperiods in A and B; and the 
dark-light, light-dark transitions in © and D. {Light 


energy iS expressed as total irradiance (350=/50 nm.) 


OH. 
lesan 
\ 
s 
a 
‘. | 
(3 } 
= " @ 
he: meus hea 
ay VMiST(hours). ced 
SS A © 
as, o x ; 2. 
, x 9. 9 ©) 
2 : 7 
> ) © 
ox Dawn ‘s) 
5 | ce 
60 -200+20 %80 * 460 920 0-20 ° 
= ml 
[) Sunrise Sunset 
, . j° 
2 
3 nr "4 


“60 -20 Sa Aaa 


Time to sunrise/sunset (mins) 


+60) (420 10270 47460 


76 


" Moet 
vw 4 ‘ 2 
1 re all 
i Pus v ~ 
: a i +: 
gee \ af . ‘, : 
j «ye i Ao, OF i 


’ 
= 
ae | 
oat 
a 
sd = 
‘i o rr) 
© 
4 4 ae . ' 
: . 
ez) Ve - 
a. . Ls 
ty 4 j t 
— | j 
tne 4 
- * eins om 
nore 5 
f 
Pas 
rm ale: 
{ 


‘a 

4 

Ld 

© Se eilieetattiatioetied ping Fe hd yer, mnie aes 

t Ge at. » 0 Of ie 
1 4 


os- Ge : Gx *) Get ae 
bets (erst mm joerieys 


a 
A P 


it 
UCOMOTOr  OCHVIly: FeCOrd 
“a . > : | 
Ale leat Fa ’ 3 > ~ te eo ie ee le ae | 
ee . Z — — a 
Poy its | Vee a o oy 
TOIGMODS | GIT: Riish sto etqnines git 
Ie0J gE cab ry PG. : : 
at yu Oz —- i 
. . 
A Wi neaoi2 | fo5* Arty ¢ q 
'. i } » | : 
Gove zinta’ Pais’ LLY i 
aS 4 
. ae ee. , 
= ry 
fee) Peenve kes ita 4 Ys 
\ 
/ | | 
A tof | 
ABE cosy ¢ Jyad2 
7 a. 4 , 7 
+ fo ii _ en shins) _ ss 
70 Soy 1.7104 a’ ; i 3» - i 
Weevis3G ni 9280 


J it, J ay 
, * oid i. : 
fee Mgivitos «1 


“ue 19S 


7 uy ' 234, I 


: ® fer J 


Ter ae vity 


Fig. 20. A Example of a daily chart record of the locomotor 
activity of a single C. plumbeus held under a LD+t 
photoperiod. ‘The record allustrated 7s forgMay e7) 
Lod Te 

B Activity profile of the locomotory record shown in A. 
Activity is plotted as relative peak tetalssover 
10 manuteyintervals: 

C Expanded plots of the sunrise (SR) and sunset (SS) 
portions of the activity chart records shown in A, 

D Record of activity during dawn portion of A, 
illustrating the maximum rate of increase in activity 
(Max a 


Jranday relative to sunrise (SR). 


activity onset 


E Record of activity during dusk portion of A, 
illustrating the maximum rate of decrease in activity 


(Max a oracle i relative to sunset (SS). 
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to define this transition. The method adopted for extracting the onset of 
activity involved scanning or reading the data (activity totals) forward 
from near the estimated mid-point of the inactive portion until a maximal 
Slope and non-transitory level change (duration eae than three 
minutes) was found, This point was considered to be the maximal activity 
transition and is used interchangeably with the term activity onset or 
beginning of activity. As a check on this determination, activity was 
read backward in time from mid-activity until a maximum rate of decrease 
was found. When the two onset points coincided or were close in value, 
the mean value was considered to indicate the beginning of activity. 
The reverse procedure of scanning from mid-points was used to determine 
the offset or end of activity. In computer analysis of the tabulated 
activity time series onset and offset were taken as occurring at the 
maximum first derivative of the rate of change of activity. 
The onset and offset times are presented relative to sunrise 

and sunset, i.e., the difference in time from the activity transition is 

for-sunrise and ¥ for sunset, Five consccuri ve ue se and 


Pane at offset ns 


x were used to calculate the mean values and their 95% confidence 
offsets 


intervals. 


Phase relations of the mid-point of activity were not provided, 
primarily because of technical problems in obtaining reliable estimates 
from the 'bout-like! distribution of activity (Appendix III). Daan 
(1976), Kenagy (1976), and Pohl (1976) outline difficulties and 


assumptions inherent in the determination of mid-point phase values from 


Variable data records. 
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Examples of locomotor records from which ¥ values were deter- 
mined are shown in Figure 20. Enlargements of the records from the 
transition times indicate the positions at which preates® mates 0G 
change were determined by visual inspection. In these representative 
portions of data ¥ values were also determined by computer analyses. 
The values found by computer and visual analyses are listed in 
Table 3. No significant differences were evident between the values 
obtained by the two methods. 

Computer determinations of the timing of the maximum first 
derivative of the slope were obtained only when the data were compiled 
and processes for additional analyses (Appendix III). In order to 
maintain consistency of interpretation and the same level of inter- 
precation, all Y relationships, listed and..subject.to. fmirthenanalyses 
are based on visually determined values. However, regular checks on 
the visual interpretations were made with the computer technique. 

The beginning and end of the activity of C. plwnbeus followed 
the seasonal course of twilight and daylength, respectively (Tables 4 
end) 5s"Fisures 21 ,°22,%23))°> Similar patterns were evident for ald 
years examined (1974, 1975, 1976). 

Onset and offset of maximal activity occurred during the 
twilight portions of the LD+t photoperiods (see Fics. 21s 22552008 
Under LD photoperiods the onset of activity was shown as an apparent 
anticipatory change in the amplitude of motion prior to the actual 
dark to light transformation (see Fig. 20B). 
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Pavle 3. Comparisons of Lee and offset values obtained by ‘visual! 


interpretations and computer analyses of the locomotory 


activity records of C. plumbeus. 


LC Pr reo 


‘Time of Year POneet EE oe copes Cums eh 
Month Visual Computer Tae Computer 
Jan 14 1D 12 ll 
Mar 4] 42 24 20 
May 36 37 40 42 
Jul 34 34 47 46 
Sep 48 46 29 30 
Nov 23 fags, 10 11 


1A11 results were obtained from LD+t activity records. 


2Visual determinations were based on the times of the greatest 
rate of change in activity. Computer determinations were based on the 
time of occurrence of the maximum first derivative of the rate of 
change of activity. All values are based on the mean values of five 
consecutive onset and offset readings. Three fish were compared each 


month; however, data are presented only for 1 fish. 


3No significant differences were evident between the values 
obtained by visual and computer determinations (Mann-Whitney U test 


p= 07.05). 
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Annual and monthly changes in the locomotory activity 
profiles of C. plwnbeus.. Examples of pre- and post- 
sunrise and sunset activity are shown in arbitrary units 
Offset ivity: 

ene Yepresents activity under LD photoperiods, 

—— represents activity under LD+t photoperiods. 

~-- represents annual time course of sunrise and sunset. 


Mean records of 5 fish from 1975 were used. 


Activity Profiles (relative units) 


SU Ase SearOt 7) 59 102 11) 12 16 17008 
Mountain Standard Time (hours) 


385 


ceciaen inaean eaamet 


19.20 2) 22: 23 


7 a if | Rice i 


a. ata al 


Lae 
a) 2 Pe 
ie Dd Beh 
i 
4 
mak - 
n Vy 
rr ates 


ia’ Bh akties na 
gee 28 _ were moe sia 


posal 


Fig. 22. A Beginning and end of maximal activity for each C. 
plumbeus examined under photoperiods with twilights 
(LD+t) (see Table 4). The mean monthly values (-) 
of each individual’ fish are used. MS) xsepresenu- 
Mountain Standard Time. 

B Beginning and end of maximal activity for each C. 
plumbeus examined under photoperiods without 
twilights -(LD) (see Table 5). The mean monthiy, 
values (-) of each individual fish are used. MST 


represents Mountain Standard Time. 
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Differences. between the beginning of activity and 
sunrise (below) and end of activity and sunset (above) 
for single Couestus plumbeus from photoperiods with 
twilights (LD+t). Mean monthly average readings for 
individual fish are used (n=]2). 

Differences between the beginning of activity and 
sunrise (below) and end of activity and sunset (above) 
for single Couestus plumbeus from photoperiods without 
twilights (LD). Mean monthly average readings for 


individual fish are used (n=12). 


VE = vernal equinox; SS = summer solstice; AE = autumnal 


equinox; WS = winter solstice. 


Alli values are for 1975, 


Minutes from Sunrise and Sunset 
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mictedsin Tables 4 and.5. No ier ee values are presented for LD 
conditions as the activity change took place at the actual davent. £0 
dark transition. The monthly mean phase value and 95% confidence 
intervals of each fish are based on 5 consecutive onset or offset 
‘values. Monthly inter- and intra-fish differences in the timing of 
activity were not significant (Mann-Whitney U test p > 0.20), thus 
permitting a pooling of samples. No significant differences were 
evident between different sexes and ages of fish. Mean activity 
onsets and offsets were used in the graphical representations 
(see Figs. 22 and 23). Repeatability was tested by determining all 
phase relationships over 3 years, 

The beginning of activity of fish held under LD photoperiods 
was considerably more variable than that of individuals from LD+t. 


There was generally more variation in offset than onset of activity 


under LD+t. 


minimal) in 


Activity began earliest relative to sunrise 6 re 


early spring and the vernal equinox and latest at the summer solstice 
maximal). The winter solstice and autumn equinox represent 


(¥ 


the other timing minima and maxima, respectively (see Fig. ZN. 


onset 


imino roL onset Gee.) was examined in relation to durations 
of photoperiod, daylength, and twilight (Fig. 24). The relationships 
are presented only for mean values, but they are equivalent to the 
values obtained by utilizing phase values of individual Fas. 

The bimodal seasonal course of change in ee resembles the 


change in length of twilight in that both show two cycles per year 


(see Fig. 23A). A highly significant relationship was evident between 
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Relationships between the timing of the beginning of 


ACEAVIEY, Ms ) and various photoperiodic parameters 


nset 


for single Couestus plumbeus entrained under photoperiods 


with twilight (LD+t). 


Parameter Relationships 
A) daylight or daylength je URC SS aly 
B) photoperiod duration Dee 0 5e mass 


) rate of twilight change p < 0.05 sig. (vr 230565 
D) civil twilight duration p< 0.05 sig. G=s0gs) 
) nonsignificant relation 
between onset and offset 
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civil twilight length and the timing of the beginning of maximal 
eeeovty) (r= -0.9323 p.x0.05) (Fig. 24D). No significant relation- 
ship was evident between the timing of activity onset and daylength 
(Fig. 24A), while a marginal relationship was evident between 
photoperiod duration and activity onset (Fig. 24B). Kendall's 
partial correlation analysis (Sokal and Rohlf 1969) revealed that the 
latter relationship was spuriously generated by the presence of 
twilight components in photoperiods. A significant relationship was 
also evident (r = 0.89; p < 0.05) between the rate of change in 


twilight duration and a 


SEE 


Seasonal Variations in the timing of the end of activity are 
Shown in Figure 25. Activity termination always occurred during dusk 


after sunset. Activity ended earliest relative to sunset Co rpcer 


minimal) at the winter solstice and latest relative to sunset Cl ereat 
maximal) at the summer solstice. 

The timing of the end of activity was examined in relation to 
the duration of daylight, photoperiod, and twilight (Fig. 25). A 
highly significant relationship (r = 0.896; p < 0.01) was found 


between daylight and ¥ CPi gen 2oR)e 


offset 


A significant relationship (regression) was present between 


Che(Pic 26G4.r = 0 olempee teUi 
Beco and photoperiod length (Fig 


y = 6.25 + 3.7x). Covariance, slope, and elevation of this regression 
were not different between increasing and decreasing photoperiod 


lengths. This indicated that the direction of photoperiod change 


(increasing or decreasing daylength) did not significantly affect the 


timing of the end of activity. No significant relationships were 
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Relationships between the timing of the end of activicy 


CF 


offset) and various photoperiodic parameters for 


Single Couestus plumbeus entrained under photoperiods 


with twilight (LD+t). 


Parameter Relationships 
A) civil twilight duration 02280220. setae 
B) daylight pixs02Ol = Mre=nGgce 
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evident between the timing of the beginning and the end of activity. 

Seasonal variations in the timing of activity onset and offset 
are shown in Figure 21. Activity onset did not show any consistent 
seasonal pattern or relationship to photoperiod parameters (Fig. 26). 

The beginning of activity occurred as a consistent anticipatory 
component in all records, thus generating an apparent relationship to 
daylength (Fig. 26B). 

The beginning of maximal activity of C. plwmbeus did not show 
any Significant relationship to total light energy (Fig. 27). A 
10*-fold difference existed between maximum and minimum light energy 
found at the beginning of activity. 


Micrendsot activity (v ) from LD+t photoperiods was 


; ORESCE 
Significantly correlated (r = 0.86; p < 0.01) with total light energy. 
There was a 107-10%-fold difference between the extreme maximal and 
minimal light energies found at the apogee and perigee of ¥. 

The composition and characteristics of light present at all 
portions of simulated and natural twilights were measured. Seasonal 
and daily shifts in the timing of various spectral intensities, photon 
numbers, spectral ratios, rates of spectral intensity and total 
intensity change were present (Tables 6 and 7). Onset of maximal 
activity consistently occurred at the following concurrent rates of 
spectral energy change: 0.4, 0.7, 0.8, and 0.5 (uw cm * nm +)10 2 


for 425, 525, 575, 650, and 750 nm spectral regions, Tespectively. 


Spectral energy ratios were: 1.55, 1.35, and Py45-for 7257650; 


550/450, and 400/375 nm bands, respectively (Tables 6 and 7). These 
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Nonsignificant relationships between the timing of 


activity onset Cas ) and photoperiod for C. 


nset 


plumbeus from photoperiods without twilight (LD) 
(pie n02 05). 
Nonsignificant relationship between the timing of 


activity onsets (¥ ) for C. plumbeus from LD 


OnSee 


and LD+tephotoper sods (p >.0705). 
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particular rates of energy change and spectral energy ratios were 
consistently present at the beginning of maximal activity throughout 
the course of the year. No significant relationships were found 
between the timing of the end of activity and any particular single 
spectral component. 

The following analytical procedures were performed with single 
(n=10) C. plumbeus that were exposed to seasonally appropriate LD+t 
photoperiods. At arbitrarily selected times from the annual 
photoperiod either dawn or dusk was removed and replaced by a LD 
transition set either to sunrise/sunset or civil twilight. Water 
temperatures normally occurring in the field were maintained 
(Appendix Lae 

When dusk was abolished the end of activity became a very abrupt 
decrease in the amplitude of activity that was coincident with the 
U-D transition and similar to the ones seen under LD entrainment 
tio. 28A). 

Replacement of dawn by a dark-light (D-L) transition led to an 
immediate 'light-shock' reaction (Fig. 283)... Simblareresubes were 
obtained from all fish (10) that were examined at various times of 
the year. After 7-10 "transient' cycles the shock reaction 
disappeared and was replaced by an anticipatory change in maximal 


activity, similar to that found under LD entrainment (see, for 


exemple Fig. $21) 
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Fig. 28. A  Locomotory activity of single Couestus plumbeus after 
removal of dawn. Fish were previously kept under 
12:12 LD+t photoperiods. The dawn portion was removed 
and replaced by a Dark-Light (D-L) transition at civil 


twilight. 
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Locomotory activity of single Couestus plumbeus after 
removal of dusk. Fish were previously kept under 

12:12 LD+t photoperiods. The dusk portion was removed 
and replaced by a Light-Dark (L-D) transition at civil 


twilight. 
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C. The Roles of Various Components of Twilight 
(t) Methods 

The efficiency as Zeitgebers of different rates of spectral energy 
change occurring during twilights was analytically examined. A brief 
description of the methods employed is necessary before the results can 
be considered. 

Determinations of spectral energy changes and/or photon thresholds 
for inducing changes in the locomotory activity of C. plwmnbeus were 
carried out in a plexiglass tank (30x50x30 cm) that was placed in a 
grounded aluminum chamber (Fig. 29). Openings that could be sealed 
tO climinate stray light were present in the chamber for insertion of 
light probe, air lines, and terminals from the activity detectors 
ithe tank. A diffusing lens (Frensel Plastic, Toronto) and 
translucent diffusing screen (Lucite, Toronto) were placed above the 
tank, o-10 cm below the top of the chamber. These. filters were used 
Pomoocainva unitorm\distribution of light within. the tank (Pig. 50), 
Irradiance characteristics oe regulated by spectral and neutral 
density filters (Optics Technology, California) placed on top of the 
chamber. Illumination was provided by high intensity incandescent 
lights (General Electric X-100 175 Watts). The intensity of light was 
regulated by an adjustable motor driven rheostat (Hammond, Chicago). 
Heat filters (5% copper sulfate solution) were placed in front of the 
lights. Water temperature was further controlled by a flow of air 
above the tanks. 

Light characteristics were standardized and calibrated by deter- 


mining the transmission curves of the filters (Fig. 50) and measuring 
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Fig. 29. Apparatus used to determine spectral errects. 
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Fig. 30. Transmission spectra of filters used in entrainment and 
action spectra determinations. The peak spectral value is 


listed above the transmission curve of each filter. 
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the spectral energies impinging on the tank. The filters transmitted 
spectral bands (+10 nm) rather than single wavelengths. Spectral 

energy measurements took into account the emission spectra of the source, 
Opercs Of. the system, any stray light present, and transmission of the 
diffusing filters. They were made by placing the optic fibers sensing 
head at various points below the surface of the water. When similar 
(45%) energy values were obtained at various positions in the tank 

the light distribution was considered to be uniform. The light 
distribution obtained in the tank was similar to that present under 
simulated twilights. 

In a preliminary determination single C. pluwmbeus (n=5) were held 
under DD until arrythmic activity was evident (5-7 days). Then, deter- 
minations were made of the energy and/or photon threshold required for 
Poe initiation of induction of changés in activity. The alterations 
in the amplitude and level of activity were considered as being 
equivalent to the transitions in activity that occurred at the beginning 
of LD entrained tecoacien. Short pulses of light (15-30 sec) were 
applied at random times and the activity of chub was recorded. Light 
intensity was increased until a detectable activity response was 
recorded (Fig. 31). Activity changes were expressed relative to the 


alterations seen at LD transitions. These procedures were then repeated 


at various times. 


(tt) Results 


The results obtained are shown in Fig. 32A,B. Maximum alterations 
in activity or induction of activity were obtained with 439, 468, 568, 


and 638 nm spectral bands. For each spectral band there was a preferred 
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Fig. 31. An example,of the inductive or activity altering effecr 
ora . y -~6 -2? -{ 

of'a 30 (sec lroht muse loa U ae uw cm-~ 438 nm 

incident spectral energy, 10°C) represented by (---), on 

the locomotory behaviour of a single Couestus plumbeus 

held under:DD. The effects of a non-inductive pulse jaa. 

Ane aero ae aL Wek ee 

CES oO wem“ 438 nm ©“ incident spectral energy) 

are provided for, comparison. (Activity 1s expressed an 

relative units. The amount of activity displayed by 

C. plumbeus at the onset of maximal activity under an LD 


or LD+t photoperiod is considered as 100%. 
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A) Alteration or induction of activity in single Couestus 
plumbeus plotted as a function of the rate of change 
of initial spectral energy. Activity was measured 
relative to the maximal activity alterations of fish 
under LD and- LDre photoperiods ihe slatcer were 


considered 100%. 


Fish (n=10.3) were maintained at different initial light 


energies, listed an /32B,- and then exposeds ta to-50 
curvidinesr pulses of) spectral ieneroy. Saye 

(uw cm * sec '). Experiments were conducted at random 
times of day and different rates of energy change. 


Each point represents the mean of four measurements. 
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Fig. 32. B) Alterations or induction of activity in single 
C. plumbeus (n=39) as a function of the initial 
spectral energy and its subsequent rate of change. 


Criteria used for analysis are described in 43A. 
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rate of energy change (Fig. 32A) that was independent of the initial 
energy levels (Fig. 32B) (F test p < 0.05). In this analysis only 
energy levels normally occurring during twilight transitions are 
considered. These preferred rates of change oeenene to the values 
that were found at the beginning of activity under LD and LD+t photo- 
periods (see Tables 6, 7). Experiments were repeated at various times 


Or tne .year. 


D. Summary of Results 
From the results of this chapter one can conclude that: 

i) twilight, dawn and, to a lesser extent, dusk are required for the 
determination of seasonal changes in the entrainment of the 
activity of C. plumbeus; 


2) the phasing of the beginning of activity Las pee) is dependent on 


Lf : isti pit: has a bimodal annual 
specific characteristics of dawn Wie 
pattern that is consistent with the duration of twilight (dawn) 
in j sub- eel rE VEC Oy 
and changes in its sub-components. The end of activity ( ee) 


is determined by the total duration of photoperiod, rather than 


any specific features of dusk; 


3) is determined by specific rates of change of spectral 


v 
onset 


energy, and spectral ratios that are found in dawn. Onset LS IOL 


directly dependent on the absolute intensity of illumination. 


Ee sO aSCcuss10n 
Studies with birds, mammals, and plants have shown that the 


following 6 factors (not necessarily in order of importance) are the 


major determinants of the phase relationships of circadian rhythms 
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(Aschoff 1969; Pittendrigh 1974; Daan and Aschoff Yee 

1) light-dark ratio (intensity or duration) 

2) intensity of illumination 

SycUration of twilient 

4) other environmental factors in addition to photoperiod 

5) physiological and behavioural state of the organism 

6) natural free-running period (T) of the organism. 

The results of the present study comparing the activity, of ¢. 
plumbeus held under photoperiods with and without twilights, LD+t and 
LD respectively, while keeping other environmental factors or cues 
constant, conciusively showed that twilights were significant deter- 
minants of the entrained state. This agrees, in principle, with the 
previous laboratory findings for mammals and birds by Kavanau et al. 
(Zoe. ett.), Wever (1967), Daan and Aschoff (1975), Kenagy (1976), and 
with field observations for fishes (Hobson 1972, Emery 1973). This 
study also shows that these differences in entrainment between LD 
and LD+t are seasonally variable, depending on specific twilight 
characteristics. 

Under natural outdoor laboratory simulated photoperiods, LD and 
LD+t, C. plumbeus displayed a bimodal diel activity pattern. When 
twilights were present (LD+t), the beginning of activity occurred 
during dawn, while the end of activity occurred during dusk. Under 
LD photoperiods the onset of activity preceded the dark-light change, 
while the termination of activity occurred at the light-dark transition. 
The latter can be described as an exogenous shock reaction and as a 


masking effect, a characteristic response of most fishes experiencing 
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sudden changes in the intensity of light (Davis 1962). A masking effect 
is considered as a direct action of the light-dark cycle (transition) 
either causing or, as in this case, suppressing the rhythm rather than 
functioning as an entraining agent (Aschoff 1960, Hoffman 1969). The 
former response can be considered as an anticipatory onset, a character- 
istic that is indicative of an endogenous circadian system (Pittendrigh 
1974). 

Activity transitions occurring during twilights have also been 
assumed to be the result of masking effects. However, the presence of 
seasonal changes in activity relative to light (see Fig. 22) indicates 
that the beginning and end of activity reflect definite phase points of 
an endogenous oscillator rather than externally evoked responses. 

Entrainment of circadian rhythms by photoperiod, LD+t, can involve 
two different routes of zeitgeber action: (i) proportional (parametric) 
or integral action — the continuous or intermittent effect(s) of the 
duration or intensity of illumination, and (ii) differential (non- 
parametric) action — the actual light-dark and dark-light transition 
i.e. twilight component (Aschoff 1969). 

Although synchronization by the action of twilights or LD changes 
by definition implies non-parametric (transition), entrainment, it is 
still possible for parametric (proportional) effects to act on the 
system. Pohl (1976) examined effects of light on circadian activity 
rhythms of birds and found a relationship between light intensity and 


the extent and duration of changes in the midpoint phase angle under 


low light levels (lux). 
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This seasonal study revealed that daylight and twilight components 
of photoperiod have different roles in the synchronization of the 
activity of C. plumbeus. The timing of the beginning of activity 


relative to sunrise’, ¥ is cued by the duration, rate of change 


onset’ 
and specific rates of spectral energy change and spectral ratios (see 
Tables’ 65-7 and Figs. 27, 28,°32).- These spectral factors’ follow a 
seasonal pattern in their occurrence that is coincident with changes 


Pimenes aration of twilisht This * results (in oe having a bimodal 


Seu 
annual*pattern consistent with the® duration of twilight and ’its 


seasonal rate of change. The end of activity, . » followed a 


fiset 
unimodal pattern consistent with annual changes in daylength and the 
absolute intensity of illumination. Only one other study of seasonal 
changes in daily activity has found a bimodal, twilight cued or related 
pattern for onset (dusk cued) and a unimodal pattern for offset (dawn 
cued) (Kenagy 1976). That study was with nocturnally active kangaroo 
rats. Few inferences can be directly drawn to the results obtained 
with C. plumbeus. However, it appears that the relative importance 

of dawn or dusk as Zeitgebers depends on which of the twilight 
transitions phases the beginning of activity; that is, whether the 
activity of a diurnal or nocturnal animal is being examined. 

Seasonal changes in the phasing of the beginning and the end of 
activity were first described from annual changes in bird activity. 
Aschoff (1960) proposed that daylength, light intensity, and light-dark 
ratios were the main determinants of seasonal phase relationships, 
while Wever (1967) suggested that twilight duration was the main 


determining factor. He proposed that: the longer the twilight period 
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the earlier the occurrence of activity onset relative to twilight, and 
the greater are the phase angle differences with changing L:D ratios. 
As an extension to these general findings it was suggested that the 
greatest relative phase-delay should occur at the equinoxes, and that 
an intermediate phase angle should be found at the opposite solstice 
to that at which maximum advance occurs. Both Aschoff's and Wever's 
suggestions have been Riad es oom into a joint daylight-length/ 
twilight-duration model of entrainment (Aschoff 1969). 

In a recent review of photoperiodic entrainment Daan and Aschoff 
(1975) listed some features of the timing of activity that they 
considered valid for all animals. These included the following: 


1) The beginning of activity (¥ } is generally more precise 


ae eel 


2) Under increasing photoperiod durations activity of dturnal 


onset 


than the end (¥ 


animals starts earlier in ‘local time' but later relative to sunrise 
is smaller)’ and: terminates later in local time but earlier 


ae 


1 i laiter)* 
relative to sunset erat is smal ) 


onset 


3) The beginning and end of activity are more precise when they 
occur during civil twilights. 
They considered the increased precision of ¥ to be a function of the 
greater rate of change of light intensity found an “twa leone. 

Daan and Aschoff (1975) indicated that there were significant 
differences between phase values obtained from low and high latitudes. 
However, they also showed that there were differences between the timing 


of bird and mammal activity that restricted any extensive generalizing. 
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Figala and Muller (1972) conducted a preliminary examination of 
seasonal changes in the activity of a tropical fish, Barbus partt- 
pantazona, transported to the Arctic and found some similarities to 
the timing of bird and mammal activity. However, in view of the 
unnatural conditions that their fish were exposed to, few conclusions 
are possible from the study. 

There is only partial agreement between these general theories 
for the timing of rhythms and the phasing of the activity of C. 
plumbeus obtained from the present study. Greatest advance in eee 
occurred at the summer solstice, but the greatest delay was not at the 
winter solstice, but rather at the equinox at which twilight was the 
Shortest. Discrepancies arise because the theoretical proposals are 
based on the tacit assumption of similar cues being used for the timing 
GE onset and offset.of activity. The present study showed that this 
clearly was not the case, twilight characteristics being used as the 


poime determinants of Utilization of a greater number of total 


onsets 
cues for onset leads to the 'apparent' greater precision of the 
beginning of activity. This precision is primarily a factor of the 
greater number of cues used, these being less susceptible to stochastic 
environmental variations. The twilight components provide a consistent 
time-giving signal. 

The response to specific rates of spectral energy change rather 
than absolute intensity is not consistent with the circadian entrain- 


ment generalizations of Daan and Aschoff (1975). However, these 


appraisals were obtained from the laboratory activity of birds and 


mammals and were expressed in photometric units. Their light values 


Cannot be used as an accurate index of the true light characteristics, 
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From analytic studies with single spectral components it was found 
that almost all portions of the 'visible' spectrum (400-750 nm) had 
some modifying effect(s) on the activity of C. plumbeus (see Fig. 33). 
However, there were significant differences seperais effircrency as well 
as photon and energy thresholds at the various spectral regions. The 
most effective inductive spectral values overlapped with tthe wave- 
lengths whose rates of change of energy were correlated with the 


beginning of activity of C. plwnbeus under LD+t (¥ J rdbeissy OK cious i Ke 


onset 
rates of spectral energy change were the functional cues for inducing 
activity alterations, as well as the onset of entrained activity. The 
Same preferred rates of energy change were used regardless of initial 
Peo rereneroy, Within thes limits of twilight vinctensitres. Jnis 
permitted utilization ofa number of constant time cues repardless 

of other photic modifications. Other photic and environmental factors 
could function to modify the initial timing of activity. 

Demmelmeyer and Harrhaus (1972) and Kavanau and Rischer (1972) 
have shown that daily cycles of light of different colour temperature 
are capable of weakly synchronizing or coordinating finch and ground 
squirrel activity. Krull (1976a,b) suggested that slight soseil lations 
in low spectral energies, coupled with changes in spectral composition 
or ratios, may act as Zeitgebers for Arctic animals, Thus the 
entrainment responses demonstrated for C. plumbeus may be indicative 
of a more widespread and general mechanism of entrainment. 

Kriill (1976a) speculated that changes in far-red/red spectra 
ratios, in combination with slight intensity changes, are utilized as 


entraining cues by Arctic animals. These ratios retain their daily 
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modifications in total energy or quantal levels. Seasonal changes in 
dawn and dusk FR/R signals are determined by geophysical parameters 

and are quite independent of intensity and other surface spectral 
modifications. These spectral alterations have the precision necessary 
for use as consistent photoperiodic cues. This constancy suggests that 
these spectral ratios are highly precise signals that could be widely 
used as entrainment cues. These results show that spectral ratios and 
meaces7O1 -enerey chance thave the ability to function as effective — 
entrainment cues. 

Utilization of selected spectral intensity changes and ratios 
provides a consistent non-parametric signal for timing of activity and 
its various behavioural constituents. Stochastic variations in the 
environment may disrupt some of these spectral cues but will not 
eliminate all of them, hence permitting consistent Fe ete determination. 
The end of activity is loosely entrained by, or follows, daylength, a 
factor which is subject to considerable environmental fluctuation. 

This permits significant Elexibility in the termination of activity 


in response to stochastic variations in the environment. 
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Chapter V 
THE FREE-RUNNING PERIOD AND CIRCADIAN ACTIVITY 


A. Introduction 


Under constant photoperiod conditions (DD or LL) birds and 
mammals display endogenous circadian rhythms of locomotory activity 
that perisist for prolonged periods (100-300 cycles) in the 
free-running state (Eskin 1971; Hoffman 1971). The constant periods 
and naeinanbaaaaee displayed in these long runs are described as 
steady-state values. The free-running period (FRP) values of nocturnal 
animals (birds and mammals) under DD aire generally, but not always, 
less than 24 hrs while those of diurnal animals are usually greater 
than 24 hrs. The presence of crepuscular cphasha tbe obscure these 
relationships and make any consistent and conclusive generalizations 
difficult to produce (Kavanau 1969). Increasing or decreasing FRP 
values occurring during the transition from one entrained state to 
another are defined as transient period values. 

Endogenous tau values that are influenced by the immediate 
photoperiodic entrainment history of an animal are known as after 
effects. Implicit in’ this definition are all taw values” that: are 
found immediately (1-20 cycles) after imposition of constant conditions. 
In nocturnal mammals, the only group examined in detail, the initial T 
value appears to be a direct function of the duration of the previous 
dark or light period (Pittendrigh and Daan 1976b). 

Although the circadian rhythm of activity is a persistent property 


of an endogenous oscillator system, the expression of the pattern and 
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period of activity can be influenced by exogenous non-entraining 
stimuli. These can directly suppress or accentuate some parts of the 
circadian pattern or alter the overall periodicity. For example, 
continuous light (LL) and continuous dark (DD) have different effects 
on the period length and subsequent fade-out of circadian rhythms. 

It has also been shown that the FRP depends on the intensity of 
illumination. This relationship is expressed as part of a general- 
ization known as the 'circadian' or Aschoff's rule (Aschoff 1960, 
1965). According to this proposition the spontaneous frequency 
(1/period), the ratio of activity to rest time, and total amount of 
activity should increase with greater light intensity in light-active 
animals and decrease in dark-active animals. The extent and duration 
of activity in the ‘active portion' of the rhythm also shows a 
similar relationship to the intensity of constant illumination. 
Kavanau (1969) has shown that for many mammals the circadian rule and 
proportional effects of light apply only in the middle ranges of light 
intensity that are found in twilights. 

A synthetic appraisal of the possible functions and roles of 
circadian periods in the generation and entrainment of the activity of 
nocturnal animals is provided by Pittendrigh and Daan (1976a,b,c) and 
Daan and Pittendrigh (1976a,b). They put forward that the attainment 
of a stable entrained state bears a definite relationship to the FRP. 
They also proposed that the entrained state (photoperiodic history), 
measured as a function of ¥, determines the immediate tau values. How 


these relationships arise is a matter for further consideration. 
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All the properties described for vertebrate circadian rhythms have 
been derived from studies with birds and mammals. There have been 
limited investigations of fish circadian rhythms. Locomotory rhythms 
have been most extensively examined in the cyprinid Leuseaptus 
delineatus (Siegmund 1969; Siegmund and Wolff 1972a,b,c, 1973) and 
several other northern European and Arctic species of fishes (Muller 
1970, 1973; Eriksson 1973). Reviews of the more tangible studies of 
endogenous locomotory or behavioural rhythms of fish are provided by 
Schwassman (197la), Richardson and McCleave (1974), and Beitinger 
(1975). However, only limited descriptions and interpretations of 
circadian rhythms in fish were made in all those studies. 

_The objectives of this chapter are twofold: firstly, to describe 
and determine basic circadian parameters of a temperate freshwater 
fish; secondly, to determine if there are any relationships between 
the characteristics of entraining photoperiods and tau values; more 
specifically, to determine if twilight has any effects on the values 
of the subsequent free-running period. This latter examination was 
done in conjunction with the analyses of the roles of twilight in the 


entrainment of activity (see Chapter IV). 


B, Methods and Results 


(t) General activity 

Fish that had been. kept (entrained) under LD or LD+t laboratory 
conditions, as well as individuals that were obtained from the natural 
conditions of the river, were used for the tau determinations. The 


same entraining conditions and fish were used in the analyses of the 
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timing of the beginning and end of activity (¥'s). The exact experi- 
mental procedures used for entrainment analyses are described in 
Chapter IV. The fish sampling sequences are listed in Tables 8 and 9. 
Period determinations of any one fish were not repeated until a steady 
State of entrainment was obtained after return to laboratory photo- 
periods. This generally required 1-2 months. The number of times tau 
was determined was essentially a compromise between the requirements 
of phase and period calculations. 

All of the period measurements were repeated for at least a 
second annual photoperiod cycle. These latter measurements were carried 
out in conjunction with replications of ¥ measurements and investigations 
of more specific aspects of entrainment. 

All healthy fish (n=104) held under DD or LL evinced free-running 
ehythms) of Lfocomotory activity for at least 3-7 cycles.  Thesendogenous 
patterns lost synchrony with the previous photoperiods and extinguished 
to an apparent mean level of non-stationary activity (Fig. 33). 
Accurate period values were most readily obtainable from the spectral 
transforms and periodograms. Under constant conditions periods ranged 
from. 24.5 #to 28.40 hrs (+ 0.4)% 

All of the individuals entrained under LD+t photoperiods (n=54) 
had repeatable, significant seasonal variations in their free-running 
period values. The general activity patterns, aside from sub-component 
or 'bout' composition (see Appendix III), were the same throughout the 
year. At lower temperatures (0°-4°C), which were coincident with the 
shorter photoperiods of winter, the amplitude of activity was reduced 


but the form was not affected. The free-running circadian activity 
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Example of the monthly free-running locomotory activity of 
C. plumbeus under DD that had been previously kept under 
seasonal photoperiods: A) with twilights (LD+t); 


B) without twilights (LD). 
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pattern was essentially a continuation of the entrained amplitude and 
sub-components. 

C. plumbeus had a significantly (p < 0,001 Mann-Whitney U test) 
shorter period during the summer than the winter (24.7 hrs as compared 
to 27.1 hrs) (see Fig. 34A). The lengths of the free-running activity 
periods of C. plumbeus were significantly and positively correlated 
(p > 0.05; r = + 0.73) with the duration of photoperiod from LD+t 
(see Fig. 35A), though no significant relationships to twilight were 
purdent: (see Fig2435C).. 

Period availability increased immediately before extinction of the 
rhythm (see Fig. 33). However, the degree of variation was consistent 
within similar temporal and environmental conditions, thus allowing 
comparisons to be made with either individual fish or pooled samples. 
Precision of T (a reciprocal of standard error) generally increased as 
EherERP approached 24ehrs. That is, there was a preater cycle-to-cycle 
Stability in the FRP as it approached the exogenous periodicity of 24 
lies, (see Fig. 335), (AgKendall's partial correlation of r= 0.42 
(p > 0.4) revealed that there were no interactions or relationships 
between precision and time of year. This correlation value also 
indicated that a major portion of the annual variation in precision 
could be explained by, or attributed to, changes in tau. No significant 
relationship was detected between tau and Bae ea ae 

Significant seasonal differences in FRP length were recorded from 
C. plumbeus (n=21) that were caught at various times of the year and 
then placed under DD (Table 10). The extent and range of taus were 


consistent with the values found under prolonged LD+t entrainment (see 


Table 10). 
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Table 10, Free-running period lengths (Tau) of Couestus plumbeus from 


natural conditions. 


LE COLES IE Se OE APA ET =P SE LP EN SO 


Tau? 


Month (hours) 


rer Lov 1975 error 

Jan 2635 EEE5 ZO) Oe re. 
Feb BOT 2 he eed Pie bol fs) 

Mar ZALOSLNLS 2502027 5 
Apr 2497 BYES 

May 2Ae 7 PASS 2459 £6 
June 24: SE? 16 PRS ppd ot | 

July 257002) 4 

Auey +). 2602 236 2620 2°87 

Sept. 2654 2454 25M e. 5 
Oct 26. 5¢2. 4 26.9 “2-94 

Nov 27, O4E4.4 

Dec. ZOE Se 21EY so 


‘The plus and minus values (+) are 95% confidence intervals. 
Note: Fish were caught at selected monthly intervals and 
immediately placed under constant conditions (DD). Tau is based on 
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C. plumbeus (n=47) that were entrained to laboratory LD photo- 
periods, set either to sunset-sunrise or civil twilights, did not display 
any Significant seasonal changes in their tau values or relationships to 
photoperiod (Figs. 34, 35, see Table 8). An increase in total variance 
(instability) coupled with a reduced tau range, relative to values from 
LD+t, caused or led to insignificant annual differences in period 
values. The general activity pattern seen in these records, aside from 
mean 'bout' lengths (see Appendix III) were similar to those obtained 
from LD+t photoperiod histories. 

The presence or absence of twilight was the major difference 
between LD and LD+t photoperiods. The total durations of light (photo- 
fractions) were of equivalent length. However, the relationships 
between tau and the total photofraction of LD and LD+t differed signifi- 
cantly. The plot of LD4+t against-tau yielded a sienificant repression 
and correlation (r = +0.73; p < 0.005, Pearson's Z correlation). The 
LD graph (see Fig. 37B) revealed no significant dependencies (p > 0.25). 
At photoperiods of abs dru eee: length (LD set. to, Civid twaliagnt) there 
is some overlap of the tau values from LD and LD+t. This overlap is 
probably the result of the increased variance of the FRP values from 
LD entrainment histories. 

Temperature regimes were the same under all photoperiods thus 
eliminating the possibility that seasonal temperature differences were 
the cause of annual fluctuations in tau. 

Thus the basic conclusion emerging from this portion of the study 
is: Photoperiods with twilights (LD+t) have a significant effect on the 


free-running period. When twilights are present in the previous 
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Fig. 34. 


A) 


Seasonal changes in tau values of C. plumbeus entrained 
under simulated natural LD+t photoperiods and then 
placed under DD. Vertical bars denote one standard 


error. (For eachsmonth n=12). 


Seasonal changes in tau values of C. plumbeus entrained 
under seasonal LD photoperiods and then placed under 
DD. Vertical bars denote one standard error. (For each 


month n=12). 
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entraining state there are significant annual variations in tau. 


(iit) Effects of light tntenstty 

At randomly selected times of the year tau values were determined 
from single C. plwnbeus (n=5 for 12 determinations) held under different 
light intensities (LL 0.1 to 350 uw cm 7). No consistent or Significant 
relationships to intensity were found (see Fig. 35D). However, the 
presence of large variabilities in period values measured under higher 


light intensities mitigates evaluation of any exact relationships. 


GC. Discussion 


It has been stated that locomotor activity is not a particularly 
good parameter to use for the determination and analysis of circadian 
rhythms of fish (Schwassman 197la). This assumption is based on data 
that were obtained with relatively imprecise recording techniques and 
limited statistical analyses. There is also the implicit assumption 
that the locomotory activity of fish is a single behaviour comparable 
to the circadian activity tee of endotherms. However, as was 
shown earlier,in this study, the laboratory activity of C. plumbeus 
cannot be considered as being equivalent to.a single behavioural 
entity such as mammalian wheel running or bird perch hopping. 

The various behaviours comprising the activity of fish can have 
different time structures and properties. This leads to an overall 
circadian activity pattern that appears to be relatively imprecise 
and is subject to rapid disassociation and fade-out. These behavioural 
modifications, which are discussed more fully in the analysis of general 


activity, must be considered when comparing circadian rhythms of fish 


to those of other vertebrates. 
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The rapid extinction of the FRP, 3-7 cycles in most cases, 
precluded treating tau as a steady-state value. By definition all 
period values recorded immediately after imposition of constant 
conditions have to be considered as being, or reflecting, after-effects 
of the previous entrainment history (Pittendrigh and Daan 1976a). 
However, the relatively rapid extinction of the circadian period and 
absence of any direct evidence for the existence of steady-state tau 
values in no way detracts from the endogenous nature of the 
free-running rhythms. After-effects in tau values can be used to 
obtain an indication of the effects of the previous entrainment 
history on the endogenous circadian components. When steady-state 
values are reached all effects of the previous entrainment state are 
assumed to have been eliminated (Eskin 1971). 

Results of the correlations of LD, LD+t, pays as and Mh Fay: 
versus tau, along with seasonal fluctuations in tau and precision 
strongly indicate that dawn and dusk components of the light-dark 
cycles are important determinants of photoperiodic after-effects (see 
Figs, 32, 34). Seasonal variations in T were present in individuals 
caught and then immediately placed under DD. This indicates that 
seasonal variations in tau are present in wild fish and are not 
artifacts produced by prolonged laboratory confinement. 

C. plumbeus that were kept under laboratory LD photoperiods did 
not display any significant seasonal changes in their FRP values. This 
apparent lack of an annual pattern in FRP can be interpreted as being 


due, at least partially, to the greater intra-period variability in 


tau from LD entrainment histories. 
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The presence of photoperiodic after-effects on the circadian 
activity of fish as exemplified by C. plumbeus, birds and mammals 
(Pittendrigh and Daan 1976a,b) indicates that there are similarities 
in the underlying circadian systems of all Verret After-effects 
on tau have been postulated as reflecting the inherent lability of 
the circadian system. 

The process of entrainment can be thought of as a succession of 
phase shifts that compensate for time differences between the period 
length of the endogenous cycle and that of the entraining cycle. 
Differences in tau can reflect the degree of adjustment required for 
entrainment under photoperiods of changing length. An increase in 
stability or precision of tau as it approaches 24 hrs may compensate 
for system and phase instability that is senerated as a resonance 
condition as T=T=24 hrs is approached. Resonance is assumed by analogy 
with physical oscillators (Bunning 1973). 

However, the present results also indicate that there are differ- 
ences between the expression of circadian activity rhythms in fish and 
those of higher vertebrates. In birds and mammals the endogenous 
locomotory period appears to be a direct response to, or after-effect of, 
Che Sasi LD cycle. For instance, the FRP values of nocturnal 
hamsters are an inverse function of the duration of the light portion 
of the preceding entraining photoperiod (Pittendrigh and Daan 1976a). 
For diurnal animals these relationships would be shown by a decrease 
in tau values (Eskin 1971, Pittendrigh and Daan 1976b). 

The seasonally invariant tau values obtained from fish entrained 


under LD photoperiod histories raises several potential problems. 


be 


oh, 


i Tadinall yp a th mee re viii he m 


erent i ee) ‘are ‘yee w J 


LaPhae 7h 


ah wad Piet iis? ‘I ‘me veh vi inating te “a 


. 
ar | 


pis nia Yat yA Lee onside ibe te o | 


aaa 


; ™ 
te ayoe ec at Saad a Min Jetgyts deal nin | 


hofra off fab wad ey inerary fy ‘hs ‘ate SIRE NGG 
vite vy at ee, 


ae 


mecht hax igor Lab gl atta 14 Sarf ob a 7 


h 


Ma, Ae e uet Hie: suid hey deity tia a 


_ 


CE MLE Th SPO ed y Res 


Me Te MEY Cd hig ‘tag ote babs Ee el 3 via . 


: F iti ne ’ 
Syphon e eet Ju. BE nied rg ia i tid seat BY eI 


Yhe [ eitit ; ly ‘y| fi TE ¢! Pi ! ei t} ei pity ey) " bi i 


y es 


tof! rey ay id ' Salta Ae: iN Ryne teys bas ‘mpi aa | 
it anti Gy, 
‘aabelaaie Sit zi tins hint ny ‘easihdutsy a os 


2O poaHen yore Hy A: a, aieoele sti: fi 6d. oil benegye boktag 


Va res 


bandh seal ih ieidai bee ut ele \eonbzent , ee otory a 
Aat duce sight’ ata hy ey aut We ied sna ‘setovid Ak oe ‘tenit - 


ae le 


Cod Y radeet bere kui tos #09) beatin yothiinaine gatbeseng ad¥ te | 
ezemash & yt awods ‘od ikea sitaaelyeren Saeed wf euth tte fantaith 208 ay i 


doe? ria Gn eeu, pret whsait) “Soutien eat yh 


i Sv i) 


bothyx tie, eid. Mot lati atali Sobthtn ey pita hes vert vi theonawe ont 
LA 
aneidotg Lehinioacag lieese ead eee iaiy bot ital ba lreqasong a sh 


| 


aa 1" 


{ fh f 
f ni 7 7 i Ay iy 


152 


There were no significant seasonal differences in tau values from LD 
entrainment histories and yet activity was consistently synchronized 
by these photoperiods. This suggests that compensatory alterations 

in tau may be experimental artifacts that are not essential for 
entrainment. However, it is also conceivable that the larger vari- 
ability in period values of fish that were held under LD entrainment 
histories leads to an overlap with the T values necessary for complete 
entrainment. Occasional approximations of these 'ideal' conditions 
and phase relations may result in the weaker phase synchrony seen under 
LD photoperiods. In view of the significant role of twilights in the 
entrainment and determination of activity the latter speculation 
appears plausible. 

In winter many portions of the river are covered with ice, reducing 
illumination to a very low amplitude. The precision of entrainment may 
be reduced to a relative co-ordination of activity (Hoffman 1969). This 
is a very weak, imprecise approximation of entrainment. In the Arctic, 
apparent free-running a oksitens have been reported in the activity of fish 
at photoperiod extremes (MUller 1970, 1973). Occasionally there is a 
shifting or reversal of activity patterns coincident with, and possibly 
cued by, changes in invertebrate drift patterns. The possibility that 
small period changes were the result of relative coordination by subtle, 
weak Zeitgebers has not been investigated. Spectral and light intensity 
changes in the Arctic have been shown to be effective as either actual 


or as potential Zeitgebers for some plants and mammals (Teeri 1974, 
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Stochastic variations in the aquatic environment can cause rapid 
and extreme fluctuations in light intensity, reducing its utility as 
an exact cue. These random fluctuations in light intensity could 
also cause a reduction in the reliability and effectiveness of 
proportional intensity effects in entrainment. This could indirectly 
affect the FRP. The lack of any direct relationships between intensity 
and tau (see Fig. 34C) does not directly eliminate the possibility of 
parametric (proportional) actions of photoperiod on the circadian 
system and the validity of the circadian rule. It may be that only 
a very limited range of light intensities is appropriate for the 
circadian relationship to be evident (Kavanau 1962). More significantly, 
the after-effects of previous photoperiods (LD, LD+t) may override any 
effects of current environmental conditions, obscuring responses to 
LL. Steady-state rather than transient FRP values or after-effects 
oh ee to demonstrate relationships between circadian rhythms 
and the intensity of constant illumination. 

Siegmund and Wolff (1972c) suggested that the FRP of Leuscapius 
delineatus is dependent on the intensity of illumination, as per the 
circadian rule. However, their use of fish schools, photometric light 
units, and unorthodox methods of determining period length make it 
dvpticult to interpret ithe results. Schwassman (1971b) reported that 
FRP of electrical discharge of gymnotid fish, a measure that was highly 
correlated with activity, showed a strong dependence on. light intensity. 
He suggested that this dependence may be part of a specialized entrain- 


ment system utilized in the unique tropical freshwater habitat and 


behaviours of the electric fish. 
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The annual variations found in free-running period values of C. 
plumbeus maintained under LD+t entrairiment suggests that there may be 
an endogenous circannual variation in the FRP. However, the lack of 
seasonal changes in tau values of fish entrained under LD photoperiod 
negates the possibility of there being any direct significant endogenous 
circannual variations in circadian activity parameters. The results 
andicate’ that’ changes“in period lengths: are primarily thesresult of 
environmentally (twilight) induced alterations in entrainment relation- 
ships. In a review of annual rhythms, Menaker (1974) suggested that 
annual cycles are primarily the result of interactions between daily 
circadian cycles and annual changes in diel environmental parameters. 
The seasonal changes in FRP's found in C. plwmbeus entrained by 


photoperiods with twilights supports his contention. 
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Chapter VI 
GENERAL DISCUSSION 


It has been known for a long time that photoperiods have an 
important role in timing the behavioural, physiological and ecological 
patterns of many organisms. However, the roles of the various con- 
stituents of photoperiod have not received equivalent attention, In 
preceding chapters of this thesis it was shown that the majority of 
laboratory and field investigations of rhythms have either ignored or 
only given cursory attention to twilight periods. Theoretical and 
descriptive studies analysing the effects of twilights have not 
considered the complexity of events occurring during dawn and dusk, 
Seasonal and daily changes in most of the parameters were completely 
ignored. The results of the present study indicate that there is a 
need to reconsider the validity of extrapolations from laboratory 
light-dark cycles to natural photoperiods, The data presented in 
this thesis indicate that sary changes in twilight must be included 
in descriptions and analyses of seasonal variations in the entrainment 
and determination of the free-running period of circadian rhythms. 

This study with the diurnally active C. plwnbeus specifically 
demonstrated that twilight portions in the natural photoperiods 
significantly affected the seasonal course of: 

1) photoperiodic entrainment Claes Seen hieenc ise 
2) the free-running period, T (see Figs. 33, 34); 

3) the seasonal characteristics, length, and distribution of 


activity sub-components or 'bouts' (Appendix ITI). 
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Entrainment of the locomotor activity of lake chub by LD photo- 
periods that excluded twilights resulted in less precise rhythms, 
Synchrony to photoperiod was maintained throughout the year, but there 
were no longer any significant seasonal variations in ¥ and fs 

These results clearly demonstrated that the rates of change of 
various spectral energy components (see Fig. 32) rather than absolute 
light intensities are the major cues for the entrainment of the begin- 


Pangeot@activity.” Phasing of the end of ‘activity. °Y was 


Oi Sete 
determined by photoperiod duration and total light intensity present 

in dusk (see Figs. 25, 26). Comparisons. between the overall activity 
patterns obtained from LD a LD+t entrainment suggest that the 
presence of twilights may indirectly function to permit the maintenance 
of the synchronization of activity while progressive, seasonal changes 
in natural photoperiod are occurring. 

This study on the locomotory behaviour of the diurnally active 
cyprinid, Couestus plumbeus, under a wide range of light conditions 
provided comparative data on circadian rhythms of fish. The data showed 
that the activity rhythms of fish cannot be directly considered as 
behavioural or ecological equivalents of the circadian activity para- 
meters of birds and mammals. The latter have been the basis of many 
generalizations about, and analyses of, circadian rhythms. 

Natural history observations have shown that many mammals and birds 
living in the wild can have significant variations in the times when 
activity begins and ends. The mechanism cueing circadian rhythms of 


activity are sufficiently plastic to allow individual animals to modify 


their behaviours in response to changes in environmental conditions. 
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The locomotory patterns of C. pluwmbeus obtained from LD+t photoperiods 
can be considered as ‘activity templates! that are cued by the most 
precise and consistent photic Zeitgebers in the aquatic environment. 

In contrast to natural conditions, birds and mammals in captivity 
Ssnowsexcel lent (precision linetimings » This consistency is at least 
partially a result of the constant conditions and unique single 
laboratory behaviour displayed. 

Mammalian and avian circadian or entrained rhythmic activity as 
studied in the laboratory is a single artificial behaviour (Enright 
1970). This makes it difficult to carry out any exact ecological and 
behavioural interpretations. Pohl (1968) has shown that different 
patterns of rhythmic activity can be obtained for small mammals by 
varying the type of laboratory outlet available. Swimming and 
related movements of C. plumbeus cannot be considered as equivalent 
to the wheel running or perch hopping of mammals and birds, 
respectively. For instance, wheel running activity of hamsters, which 
is regulated by a highly precise enrcadianjtamer) (292 manjias quace 
different from generalized body movements which are also circadian but 
of a much lower precision (Menaker 1976). Therefore in order to obtain 
more than just a superficial understanding of the temporal patterning 
and entrainment of the activity of fish, it was considered necessary 
to have some preliminary knowledge of the full behavioural repertoire. 

The dichotomy between the cues for timing the beginning and end 
of activity led to bimodal and unimodal patterns in Fre hs and Per cebe> 
respectively. These differences in timing suggest that the coupled 


oscillator model of circadian rhythms elucidated by Pittendrigh (1974) 
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is appropriate for describing the basic locomotory rhythms of C, 
plumbeus and of fish in general. It is conceivable that the beginning 
and end of maximal activity are associated with separate populations 
of oscillators that are synchronized with one of the two twilight 
transitions. These oscillators are mutually synchronized in an 
integrated circadian system. 

Analysis of daily metabolic and morphological processes in 
plants and insects has shown that 'light-on' (dawn) and 'light-off' 
(dusk) responses represent separate controls or oscillators within a 
circadian system (Saunders 1973, Hamner and Hozhisaki 1974). 

Studies with vertebrates have also provided evidence for the 
existence of at least two interacting oscillators in circadian systems. 
Under extended constant conditions (100-200 days), at supposedly 
steady-state period values, free-running rhythms of mammals and birds 
split into two separate uncoupled activity components (Hoffmann 1971; 
Gwinner 1974). 

In a hypothetical Seen of morning (dawn M) and evening (dusk 


Ts, athe, besinningsof activa ty 


N) linked oscillators with te Serene N? 


would be synchronized by dawn and the end by dusk (Pittendrigh 1974). 
The overall pattern is determined by the dominant oscillator, usually 
that of the more precise M for diurnal animals (The 24 hes ean fox 
nocturnal animals (T,,<24 hrs). Coupling between the two oscillators 
would restrict their phase values to a limited range of relationships. 
Since the oscillators are dawn and dusk coupled, during the course of 
the year as sunrise and sunset move apart, their phase relationships 


change. In order to maintain consistent entrainment mutual coupling 
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between the oscillators must counteract external photoperiod changes. 

Andreasson (1973) has explained seasonal inversions of activity 
patterns of arctic fishes on the basis of a coupled oscillator model. 
He proposed that weak synchronization at photoperiod extremes elem ta 
an uncoupling of oscillators. This was followed by a subsequent re- 
coupling in different phase relationships and an alteration of the 
overall activity pattern. 

Pittendrigh and Daan (1976a,b,c) have incorporated these 
theoretical proposals into an interacting oscillator model of entrain- 
ment. They suggested that asymmetric phase responses led to changes 
in osciliator coupling strength and subsequent alterations in period 
length. However, this model as well as the other theoretical descrip- 
tions of entrainment are based solely on the results obtained from 
LD photoperiods. All models and theoretical descriptions proposed to 
date have the assumption that similar cues are used for timing the 
beginning and end of entrained circadian rhythms. The present results 
with twilight vitiated this assumption. The results obtained with 
C. plumbeus do indicate, however, that the entrained state, which is 
twilight influenced or dependent, is a major determinant of the 
free-running period. 

Examination of activity under photoperiods with and without dawn 
(see Fig. 31) indicated that Mien fe and the beginning of activity 
determined the basic characteristics of the overall entrained form. 
Upon first examination there appears to be a contradiction present: 
¥ cued by twilight, has a bimodal annual pattern, while T and 


ONSce” 
bout lengths have a unimodal pattern consistent with seasonal changes 
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in photoperiod duration. This implies that period and phase values, 
for onset at least, are not related in a direct linear manner. However, 
the net relationship after oscillator interactions of the various 
behavioural components could very well be linear. In an analysis of 
the time course of entrainment, Kramm (1973, 1975) indicated that 
there was a non-linear relationship between T, the entrained period 
and ¥. He suggested that complete entrainment is a unique phenomenon 
that is rarely attained. Rather, a limit cycle around a Steady-state 
wale svs" obtained,” The net* result’ could involve a’ utilization or 
Pronheti onal and differential cues, whose interactions, directly or 
indirectly, lead to linear variations in Tau. 

A circannual modification of the oscillator model has been 
proposed (Gwinner 1975). One oscillator was supposed to be related 
to the 24 hr Zeitgeber, primarily non-parametric in action, and the 
other under the control of seasonal factors. These were postulated to 
result in an endogenous annual pattern. 

Ashan (1966a,b) has shown what he termed 'endogenous' annual 
changes in testicular and to a lesser degree ovarian activity of C. 
plumbeus. Menaker (1974), as discussed earlier, points out liabilities 
of assuming that so-called endogenous annual rhythms are functional 
equivalents of circadian cycles. He suggests that annual changes in 
daily rhythms can be broken down into environmentally induced vari- 
ations. Exogenous stimuli, either physical or biological in origin, 


may systematically alter the repetitive patterns of photoperiodically 


induced entrainment. 
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Ashan (1966a) also showed that testicular development was primarily 
cued by temperature, with photoperiod acting only as an ancillary 
factor. In the present experiments identieal annual temperature cycles 
were employed with LD and LD+t. In all likelihood the temperature 
cycles induced similar levels of gonadal development and gonadotrophin 
activity. This suggests that annual patterns of gonadal development 
and hormonal activity were not, by themselves, the immediate cause of 
seasonal variations in the activity parameters of chub. However, there 
is an increasing amount of evidence indicating that hormones have a 
regulatory action in vertebrate circadian systems. Testosterone and 
estradiol have been shown to shorten the period length of, and induce 
phase shifts in, circadian wheel running activity of hamsters 
femetrenarien anc Daan ‘9762; "Morin etal? 197/b)yr” It 91s possible that 
tor C. plumbeus the attainment of a precise VY relationship under 
twilight cues leads to a detectable expression of hormonally induced 
oscillator interactions. It is conceivable that if a single behavioural 
parameter were examined, Hs tau values might show some annual fluctu- 
ations under LD photoperiods. However, since the locomotory activity 
of fishes is made up of a number of behaviours it is highly likely that 
complete synchrony is necessary before any seasonal variations in mean 
tau values become evident. 

Under twilight entrainment short-term activity components or 


'bouts' displayed seasonal variations in their distribution and 


parameters (Appendix III). Annual variations in bout length may be 


considered as either the direct or indirect results of seasonal changes 


in hormonal levels. Results from studies of behavioural sequences and 
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CHARACTERISTICS OF COLLECTING AREAS 


The North Saskatchewan is a large northern river 50-60 m wide with 
@ mean depth of 1M, located in a glacial drift valley. It is charac- 
terized by steep banks at the outside of turns ae gravel plains inside. 
The latter were present in the collecting areas. Whitemud is a 
relatively turbid creek that flows into the North Saskatchewan depositing 
Miceandusilt, Specific limnological. features of the river and environs 
are discussed by Paterson (1966). Physical and chemical parameters, 
vegetation and invertebrate composition present during the collecting 
times (1974, 1975, 1976) are available (unpublished records, University 
of Alberta). Sample records of seasonal variations in water tempera- 
ture, turbidity, and oxygen levels are shown in Figure 1. Total 
numbers and relative species composition of fishes obtained at the 


collecting periods are listed in Table l. 
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Fig. 1. Mean monthly water temperature (°C), turbidity (Jackson 
Turbidity Units), and dissolved oxygen levels (ppm) at 
the collecting sites in the North Saskatchewan River 


during 1976. All values were obtained from a depth of 


10-15 cm. 
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Table 1. Couestus plumbeus used in experimental procedures, 


COLE NUMEER SEK Bs CAPTURE DATE LABGZAIORY PZUCEDCURES /EXEER IMENTAL MANIPULATIGNS 
PROTCPERICD 
Al M l+ 1974 LD, 0D 
A2 Fr 2+ 1974 Lo,DDd 
A3 M 3+ : LD,£D . 
A4 l+ , LD, DD Prelirinary procedures: 
RAS ° oe A LD. LL Geronstration cf diel activity, 
A6 M 1+ ° LD, LL FRP,and entrainrent by LD 
A? Fr 3+ : LD, LL 
Ag’ M 2+ : LD, DD 
RAY F 1+ : LD, DD 
Alo M a+ 1974 LD, DD 
Bl-35 M l+ 13974 
BS-810 F 2+ 
B11-B15 M 3+ 
B16-B20 F + Natural Beraviour and activity 
B21-B25 M 2 outdoor sub-coxponent determinaticns 
B26-B30 Fr 3+ Fish captured and immediately 
B31-B36 M 2+ 1974 observed 
B40-B45 F 2+ 1974, 1975 
B46-B59 M 2+ 
B51-3B55 F 2+ 
pete ce . ry Natural Behaviour and activity 
B66-B70 M 3+ outdsor sub-component determinations 
B71-B75 FE 1+ Fish captured and maintained 
B76-B30 Mi 2% 1976 ena orS 
*#B81-B90 P 3+ 1976 
BLOl M 2+ 1974 LD Phase 
B102 F 3+ y LD+t, DD Phase, FRP 
B103 uM l+ : LD Phase 
B104 F 2+ ‘ LD, DD Phase, PRP 
B105 M 3+ ¢ LD+t Phase 
B106 F 3+ s LD Phase 
B107 F 2+ . LD Phase 
R = 
B108 1+ . pen has? Phase relaticnships, 
*B109 M 1+ ED x FRP,activity sub-component 
B1l10 i+ LD+t Phase Bu eM, Aas Rea oe se 
Blll M 2+ LD+t, 0D Phase, Ek” eaacensl hotcperiod 1 
B1l12 F 3+ LY LD Phase pecbadt AOD RR 
B113 1+ LD+t, DD Phase, FRP 
B114 M 3+ : LD Phase 
Bl1S F 1+ 7 LD+t, DD Phase, FRP 
B1l16 F 2+ ¢ LD+t Phase 
Bll? F 3+ LD+t,DD Phase, FRP 
B1l13 M 2+ , LD+t Phase 
SB119 M 2+ LD = 
B120 l+ U Lot Phase 
Bl2L Fr as ' Le+t, 0D Phase, FR? 
B1lo4 M l+ 1974 LOee 
B105 F - : 
B107 M 2+ : : 
B1io3 F 1+ : ; 
B109 M 2+ : 4 
2110 F 3+ Z eas 
Blll M 2+ : y Fish captured, vlaced 
B112 l+ . % under s2ascnally avpropriate 
#3113 1+ e . LD+t photopericds and their 
Blls M 2+ . ‘ phase relationships were 
B127 F 3+ ! d determined 
B131l F 2+ : 
B132 M 1+ : : 
B133 M 2+ : : 
B134 M 3+ 1974 LO+t 


# Fish died during course of experinent and results were not used 


(Cont'd) 


aetna eat 


en ’ J 
heen Tae VE 8 Ca We Se) le 


whee! iN Vrieet gilh i 


| ¥ 
ey Witsidas Maile: “ei 7 ae wate yr 
a ae i aw {) Navy ‘A ta an tty HM, 


' rae: 


’ oT oe ni i a hee: 
J bs if ‘axl 
: rah gray 
ra et! i ivy 
N Het 
Were otis) uk hy abet tat i 
wii en av om ri od, a at 4 pena 
i wy Wig Lit he Mm ' ne a vy bila Ht he Uh, 
FR Pa Oana ‘ene 


nih wt 


¢ i Bie 
oe * ‘a ” a 
; : 5 ~~ 
% > I 
? i the : ‘Wp | 
Gea) pore ai ta ae ye Hii nee ds B, Yeu ; 
re RAE DAL Lee i gin nigh a ee apt hyo ae a a i 
i” 2 ¥ j : 7 a | . 7 OX vau 
bert ney yen 4 Anat vy aaa ce ee ; 

Dah ry as ; Vandy hag ; 

; . ( ‘ i ea ) i 

Weak HAN: STIR ee the aie | 

WOPAGY Qont 18 Ae Codie Oa tay it yo ay q ; ; . 

RT a ae oe dha ae aoe. 

( j evs i _ yw 

ri oa) ake 
Whe : ; 7 7 = ’ yo; F 

, Wee” ey j 7 , : 

t va > ati r] yl “i i : os 3 
- me tC 


# 
bes 


=i 
—_ — = = = * = 
- e ie 


« 


= 
=a 
cpbaxaenr. 


es 
‘ 
= 
i 


-Sadees <2 


- 
’ 


= 
=5 
S268 


i ft x ‘. a 
Wan A ie ieee va 
; j mh bi my Lm i i a 
\ i i iene ; 4 Mags ae . Mi a6 4 m7 
e dj ) ‘ : j ‘ Higa ad Z a ay 
Lee he Dies aR at Ws (nh a | Vi gh) aia 
fy i A { ane ne) ; ; Ae. * 
" Py r Wa OUR! AMIN EOS oe ul) : ha ey ys # “ 
sig (tee ot Le u MN fe Ne tL ee ne! ny we Y OP Te ae é 
r ge hu haat i" nn lhe ia i 1 Sy , Wh H ure y iad a ae ; » _ i i 
ea A ep be Yana eye Cae As) Oe we 
ie | arn irik daly tiara ws i Livy ar ay 7 "ve of 
ica few i ‘ ; aay > 
ih fe A SN AA, P=». , S yeu a 
ve] . ; 
f a Ty “1 ih fu ae j i z = 
u Kn . hy } 5 
ae 5 ee) 3 «i 
f psn heey : +e ni 7 vy : a wh 
at \} yu Loge Von, 7 
par! Dat Md i ; rm en i fl rT 
4 a 


| Sagan ee i ne: ine bose peas 
on Hah ued ee Wye 


nee | : ¢ Me Lg St ieee 
re rune | Ay 


Table 1 (Cont'd). 


COLE NUMSER 


B135 
B135 
BL33 
B139 
BL4L 
Bls2 
Bl47 
B1S2 
B1S3 
B54 
B15S 
B1S6 
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CAPTUCE DATE 


1974 


1975 
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LESCPATORY PROCELURES//EXte? IYENTAL MANIPULATION 


PLOTOPERIOD 


DD 
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Fish captured and irrediately 
placed under BD for ceterrination 
of their FRP values. Annual 

cycle or natural photopericd 
examined 


Fish kept under seasonally 
appropriate LD+tt photcpericds 
Phase relationships, behaviour 
and FRP under DD were determined 


Fish kept under seasonally 
appropriate LD photoseriods. 
Phase relatianshios,behaviour, 
and FR? under DD were cetermined 


Pish captured and immediately 
placed under LD+t for phase 
relationship ceterminations 


Fish captured and immedtately 
placed under DD for FRP 
determinations. 


Spectral thresholds and 
sensitivities determined 
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Table 1 (Cont'd). 


CODE NUMBER 


D2 
D5 
D6 
bers) 
ey) 
Dll 
D13 
D14 
Dis 
D17 
D18 
D020 
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AGE CALTURE DATE LALOPATOKY PROCEDUKES/ EXPERIMENTAL MANIPULATIONS 
FROTOPERIOD 


2+ 1976 LD+t, DD 

2+ C : 

2+ ® ® 

3+ : . 

le 6 ® 

4+ ) ® 

3+ ® 8 Fish were captured and placed 
2+ . Y uncer seasonally approoriate 
3+ s , LO+t photoperiods. Phase relationships 
1+ ’, : behaviour end FRR uncer DD were 
2+ : : determined 

1976 LB+t, DD 

2+ 1976 LD, DD 

3+ ; ? 

V+ 8 8 

2+ 6 e 

3+ 4 * 

4+ : : Fish were captured and placed 
2+ ° < uncer seasonally acpropriate 
le , U LD photorericds.Phase relationships 
3+ 8 Y behaviour ana Far under DD were 
2+ ; ; cetermined 

2+ : 

2+ 1975 LD, BD 

3+ 1976 DD 

2+ : DD 

3+ . DD 
2+ ; DD . Fish were capt:ired and 

immediately placed under DD 

2+ 1976 LD+t for FRP determinations, and 
1+ , LO+t activity sub-comrponents 

2+ ® LD+t 

3+ ’ LD+t 

34 : LD+t 

2+ 1976 LD+t 

3+ ® LD+e 
4+ . ID+t 

an Z Lp+t Dusk was removed from LO+t 

2+ . LD+t 

2+ 1976 pe 

+ : ’ 

* LD, DD Dawn was reroved from LD+t 

1+ ° LD, DD 

2+ ° LD, DD 
3+ ° LD, DD 

2+ 1976 LD, pote) 

3+ 1976 LL 

2+ 8 L& . 

3+ ° LL Affect of LL on the FRP 

le ; Ss 

1+ ° LL 
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ANALYSTS OF THE SUB-COMPONENT OF LOCOMOTORY ACTIVITY 


If swimming behaviour or activity can be described as a simple 
stochastic (random-decision) process, then locomotion and its 
frequency-duration distribution should occur A a random ensemble. 

A mathematical description for a completely random series of events 
is a Poisson distribution, represented by an exponential curve. 

In undertaking any stochastic analysis of behaviour sequences, 

@ preliminary step is to test for the goodness of fit of the interval 
distributions to an exponential distribution (Van der Kloot and Morse 
1974). A number of statistical methods can be used to test for the 
goodness of fit of data sets to empirical distribution functions. 

The main one used in this study was Durbin's method (Lewis 1965). 

Durbin's method: This test is powerful in distinguishing between 
an exponential (random) and any number of vaguely specified non-random 
alternative distribution functions. It is the test thit is ieast 
affected by non-stationarity in the original time-series. Non-station- 
arity is indicated by the trends present in the original time series 
and autocorrelation transforms before linearization. Durbin's method 
employs a transformation of the original time series. Time intervals 


(activity durations) from the frequency histograms are arranged in 


‘ . : . x. and then transformed by 
ascending order: Xp Xgeeeeeces XM 


ik 
al i nie (RO 
Ty,  (xyt Xgteeees (n+ )] 


where: “i = 1,2 50a... 0 
T = total time of the set 
fe) 
U = transformed values used for analysis. 
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The transformed set Us is graphed against 1/n giving a survivor- 
ship plot. If the original distribution is exponential, a straight 
line with a slope of 1 is generated. The goodness of the data set fit 
to the predicted line for an exponential process (Poisson) is estimated 


by the Kolmogoroff-Smirnov test using the D,, statistic (Sokal and 


N 
Rohlf 1969). The results of the tests are listed in Table 1. 

An Ln-survivor curve was obtained by arranging behavioural 
(activity duration) events in an ascending series: XpSXqee eee SK, 
as a function of 1; 

where Xpeeeeee.X are interval sizes with n being maximum 

1 aoa Ue Fae ear ae €| 
N = number of frequency bands in 4a certain class. 

For a Poisson prediction, the Ln-survivor curve is a straight 
line of slope 1, with an intercept 0. The degree of data deviation 
from the line provides an indication of deviation from a random form 
and allows comparisons between different data sets. 

The results from Durbin's test (Table 1) and Ln-survivor curves 
(Fig. 1) reveal that the distribution histograms for activity entrained 


- 


by LD+t, LD and to a certain extent from DD (rhythmic portions) 
differs significantly from a Poisson distribution. 

The general type of theoretical distribution most similar in 
appearance to these histograms is a Gamma (y) distribution. This is 


& continuous 2-parameter function of the following form (Lewis 1965): 
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where F(x) = y distribution 
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xX = component of the series. 

The Gamma function can be considered as an exponential function 
rendered non-random by a deterministic component. 
The observed distributions (Fig. 1) were not significantly 

different from the theoretical Gamma forms at the 5 per cent level 
(Kolmogoroff-Smirnov test). Maximum likelihood estimates for a and 8 
in the Gamma distributions are provided by Johnson and Kotz (1970). 
Expected values were found by using Pearson's (1922) tabulation of 
incomplete Gamma functions. The exact fitting distributions are 


described by Lewis (1965). Distribution values for different photo- 


periodic histories are listed in Figure 1. 


Results activity under photopertods with twtltghts (LD+t) 

Under simulated natural photoperiods and twilight lighting 
combinations (LD+t) there are seasonal (annual) changes in the total 
amount of, duration, and distribution of chub locomotory activity 


bouts. Representative frequency histograms and Ln-survivor curves 


are shown in Fig. 1. Alterations are shown as differences in the 


shape of the Ln-survivor curve and in the value of the B term in the 


frequency distribution. Beta (8) is a function of the duration of 


the duration of the mean activity burst, while alpha (a) is a scaling 


factor that varies with group size and amplitude of motion. Seasonal 
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changes in water temperature affect a rather than 8. 

During winter (Nov-Mar) the length of the average activity bout 
is shorter than, and the total percentage of activity is reduced as 
compared to, the summer activity components (Fig. 1). At photoperiod 
extremes (summer, winter solstices) the total amount and durations of 


activity approach an inflection point. 


Aettvity under light-dark (LD) cycles 

The frequency distributions of activity bouts obtained under 
on-off LD cycles (excluding twilights) are shown in Figure 1. These 
sub-components distributions more closely approximate exponential 
forms than those recorded under LD+t. The Ln-survivor curve is closer 
to linearity, but is still significantly different from a random state 
(Table 1).. A distribution with a lower 8 value and a broad mode ag 
mseObtained, 

Mean monthly bout lengths for lake chub held under LD and LD+t 
are shown in Figure 2 (sample sizes are indicated in the legend). 
Under LD+t, twilight entrainment, there was a significant annual 


pattern or cycle in mean bout length. No significant differences were 


evident from LD conditions. 
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Frequency-distribution histograms and Ln-survivor curves 


of Couestus plumbeus locomotory activity bouts. The 


experimental conditions for each set of histograms are as 


follows: 
Photoperiod 

A LD+t 

B LD+t 

Cc ID 

D DD 

E DD 


line votiyear 
summer (May-Sept) 
winter (Oct-Feb) 
winter (Oct-Feb) 
circadian portion 


arrythmic portion 


Distribution of 
characteristics 


gamma; a=.59, B=3 

gamma; a=.38, B=2.1 
gamma; a=.58, B=1.2 
gamma; a=.24, B=.42 


exponential 


Each histogram and Ln-survivor curve is based on the 


activity of 10 lake chub over 3 days. 
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Fig: 2, Seasonal variations in the mean activity bout lensths yor 
Couesius plumbeus. Vertical lines represent one standard 


represents LD+t entrainment (n=21); ----- 


error. 
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INEFFECTIVENESS OF TEMPERATURE CYCLES AS ZEITGEBERS 


Temperature cycles have been shown to act as entraining stimuli 
for poikilotherms (Schwassman 197la). Therefore it was necessary to 
establish that the activity of fishes was not entrained by temperature 
cycles associated with either water inflow or heating effects of the 
lights. The general methods and materials section describes two 
methods used to reduce temperature fluctuations: air cooling of lights 
and a regulator to control water inflow temperatures. These procedures 
effectively eliminated any regular temperature cycles. Occasional 
temperature fluctuations (+2°C) caused by aquaria malfunctions were 
unavoidable. These changes altered the amplitude of activity rather 
than the period. 

Conclusive evidence that temperature cycles foe not entraining 
fish activity was obtained in the following experiments (see Fig. 16C). 
Chub were kept under DD and constant water temperature until an appar- 
ently arrythmic state was reached. Then a 12:12 (hrs) temperature 
cycle (12°C:16°C) was introduced for several periods. No indication 
of periodicity was apparent in the spectra or periodograms analyses. 
Replicates (4) of temperature cycles were examined at different times 
of the year. There was no indication of induced periodicity in any 
of the activity records. A 4°C range was used because that was the 
maximum mean daily fluctuation that fish were exposed to in the tank, 
An example of the results obtained with a single fish are shown in 
Figure ra The procedures were repeated with 10 different lake chub 


throughout the year. Similar results to the one indicated were 


obtained at°all times. 
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Fig. 1. Locomotory activity of a single Couestus plumbeus under 
a 12:12 LD photoperiod followed by constant darkness 


and then by 12:12) (hr) 12°C:16 @ temperature cycle, 
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COMPONENTS OF THE DIMMING CIRCUIT 


C1=C3= 
C2=C,= 
Di= 

Lis 

Ri= 

ee 

R3= 
Ry=Re=R9= 
Rs5=R7=Reg= 
Ri 0= 
Rii=Ri¢= 
Ri2=R1i3=Riyg= 
Ris=Ri7= 
Ri e=Ri9= 
Si= 
S2=S3=S4= 
Thi=Th2= 
TRi= 

TR2= 


OF Taide a2 o0V 
0.1 ufd, SOV 
IN758 

150 watt 
68002, 1 watt 
S108, 2 “watt 
5K 

150 K&, 1 watt 
1202 

470Q 

22K, 0.5. watt 
1702, 0.5 watt 
6702, 1 watt 
1802, 1 watt 
120 V 

60 V 

6RS5S6P85 
2N1047 

2N548 
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